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ABSTRACT

The significant data and results of a joint research effort investigating

the fluid dynamic mechanisms and interactions within separated flows are pre-

Silsented in detail. The results were obtained through analytical, experimental,
-4

and computational investigations of base flow-related configurations conducted

by the Gas Dynamics Group at the University of Illinois at Urbana-Champaign.

The objectives of the research program focus on understanding the component

mechanisms and interactions which establish and maintain high-speed separated

4, flow regions. Flow models and theoretical analyses have been developed to

describe the base flowfield and LDV experiments have provided new flowfield

, data. The research program approach has been to conduct extensive small-scale

experiments on base flow configurations and to analyze these flows by compo-

I nent models and finite-difference techniques. The modeling of base flow of

*. missiles (both unpowered and powered) for the transonic flight regime has been

* successful by component models based on the equivalent body approach. The

development and use of a state-of-the-art laser Doppler velocimeter system for

experiments with two-dimensional small-scale models in supersonic flows have

provided quality, well-documented velocity data. The LDV experiments have

X; yielded mean and turbulence information for a variety of near-wake flow

mechanisms such as initial shear layer development, recompression/reattach-

ment/redevelopment processes, shock wave-boundary layer interactions, and pro-

pulsive jet/freestream interactions. Correlation between the LDV data and

component method mixing analysis has yielded results of interest. The

research on plume effects and plume modeling has defined the pertinent vari-

ables for effective wind tunnel simulation of propulsive nozzle plumes. Many

of the research efforts are described in detail and the results were presented



" at appropriate conferences and published in the literature. The future

research activities of primary interest are indicated to be small-scale exper-

iments on two-dimensional and axisymmetric separated flow configurations

emphasizing LDV as the primary measurement tool, continuation and refinement

of component modeling of base flow in the transonic flight regime, and full-

scale numerical computation of base flows through improvement of existing com-

puter codes.
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w I NTRODUCTION1

An ongoing research effort has been funded by the U.S. Army Research

Office to investigate the fluid dynamic mechanisms and interactions within

q separated flows with particular attention to the base flow problem. The over-

all effort has incorporated analytical, experimental, and computational inves-

tigations aimed at gaining a more insightful understanding of the fundamental

fluid dynamic mechanisms existing in the near-wake flowfield. The investiga-

tions of separated flow problems have been focused on missile afterbody flows

and more importantly the interactions between the base and body flows.

The Gas Dynamics Group at the University of Illinois has conducted suc-

cessful experiments on base flow configurations utilizing a laser Doppler

velocimeter system in order to obtain mean and fluctuating information about

the flowfield. Analytical predictions based on component methods have been

refined and improved while finite-difference computational techniques have

also been implemented and tested. This unique collaboration between

researchers using experiments, component method analyses, and computations has

led to a logical and systematic approach to the base flow problem and yielded

valuable insight regarding the fundamental interactions.

too The approach of this final technical report will be to present in detail

the significant data, results, and extensions for the near-wake base flow

problem and related problems which have been obtained under the sponsorship of

the U.S. Army Research Office through Research Contract DAAG 29-83-K-0043.

* Since much of the group's research results have been presented and published

by the individual researchers, this report will highlight their work and

di results and include the appropriate publication. In all cases where the

analytical, experimental, and computational efforts have yielded significant
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or new results, the information has been presented at professional meetings

and published in the public literature. In some instances direct comparison

was possible between analyses and actual base flow configuration experiments

within the research group.

Problem Statement

Since the early 1950's an extensive amount of research effort has studied

the separated flow region at the base of a missile for turbulent supersonic

approach flow boundary layers. The analyses attempt to describe the complex

interactions between the freestream flow, shear layers, and the recirculating

region in order to predict such flow characteristics as base pressure, base

temperature, heat transfer quantities, entrainment rates, and afterbody flow

separation. The more successful models or methods, judged by their ability to

predict base flow conditions in reasonable agreement with experiment, are all

combinations of theoretical and empirical components which have been combined

to model this complex flow region [1-7]*. Most research efforts are based on

the Chapman-Korst component model where the turbulent base flowfield is

divided into distinct regions which are each analyzed individually subject to

the appropriate assumptions and boundary conditions.

The flexibility and adaptability of the component model has been demon-

strated by the many extensions and modifications of the component approach

utilized to treat the two-dimensional and axisymmetric base flow problem with

and without an inner exhaust jet. However, further details concerning the

fundamental fluid dynamic interactions are still somewhat lacking and insight

into the interaction mechanisms could enhance the prediction techniques. The

'Numbers in brackets refer to entries in REFERENCES.
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complexity of the separated base flowfield leads researchers to investigate

each mechanism in simple, controlled analyses and experiments in an attempt to

isolate, identify, and predict each individual process and then join them into

an entire flowfield prediction scheme.

The base flowfield is characterized by the separation of a supersonic

turbulent boundary layer as it approaches the geometric corner of the missile

afterbody. The flow undergoes an expansion/compression process at the geo-

metric corner in which a free shear layer is formed and enhances interaction

between the freestream flow and the recirculating flow. The shear layer

IN eventually recompresses, reattaches, and redevelops in a way such as to pro-

duce closure for the base region. In each of these regions questions exist

concerning the fundamental fluid dynamics and further examination of these

mechanisms is warranted.

The flow mechanisms investigated during the current research effort are

illustrated in Figure 1 and briefly described as follows:

* Geometric separation of a boundary layer to form a free shear
layer. Localized expansions or compressions at the separation
point are important factors affecting initial shear layer
development, turbulence intensity, shear layer growth, and
initialization of the flow approaching reattachment and recom-
pression;

e Free shear layer growth and development. Shear layer growth
rate, entrainment rate, and general turbulence characteristics
determine the effectiveness and influence of the shear layer on
mixing;

* Recirculating flow strength and influence. The velocity field
of the recirculating region, normally considered to be
quiescent, affects shear layer development and base pressure;

* Recompression, reattachment, and redevelopment of the shear
flow in the presence of the external and internal flows; and

* Shock wave or aerodynamically induced separation of the after-
body turbulent boundary layer prior to actual geometric
separation.

i4
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Recompression and
Redevelopment Zone

Separated Flow Region

Mixing Regions

9 Power-On. Supersonic Base Flowfield

M00>1 4'Body Boundary Layer

Wake Flow Region -Recompression and
Redevelopment Zone

* Power-Off Supersonic Base Flowfield

: BASE FLOWS

Figure I Typical base flow configurations indicating
the important flow regions.
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These mechanisms of the base flowfield have been the focus of many investiga-

M tions and theses during the tenure of this three-year Army Research Office-

~ -sponsored research program. The concentrated effort has joined a variety of

analytical, experimental, and computational investigations such that many

significant conclusions and important results have been found.

Research Objectives

The research philosophy maintained throughout the duration of this three-

year contract has been to unify analytical, experimental, and computational

investigations in a way which produces an enhanced predictive capability for

the base flow problem. The eventual goal has been to develop a predictive

level of expertise which affords straightforward prediction of base flowfield

* ~.icharacteristics and parameters without an unwieldy amount of empirical infor-

mation being required. The predictive capability should become developed

enough to handle a wide range of geometric configurations and all possible

~ :.-flight regimes.

In an effort to begin and continue work towards this predictive capabil-

ity, specific objectives can be identified on a more fundamental level con-

centrating on simple flow mechanisms. These specific objectives are as

follows:

(1) To investigate the fundamental flow mechanisms and inter-
actions which establish and maintain separated flow regions;

(2) To develop flow models and theoretical analyses which incor-
porate a minimum number of empirical components to describe
the fundamental separated flow mechanisms;

(3) To conduct quality small-scale experiments using specific
base flow configurations and a laser Doppler velocimeter to
make velocity measurements in separated flows and thus pro-
viding well-documented mean and turbulence data for a wide
variety of configurations;
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(4) To develop a level of expertise in making velocity measure-
ments using a state-of-the-art two-com~ponent laser Doppler
velocimeter system; as well as to maintain and upgrade the
LDV system and associated computers to keep this unique
facility current;

(5) To utilize and incorporate the data which results from the
LDV experiments into the simultaneous analytical and compu-
tational efforts; and

(6) To combine the theoretical and experimental efforts into a
unified predictive capability.

These research objectives provide the guidelines and motivations for all of

the research investigations described in this Final Technical Report. An

implicit objective of each participating researcher has been to make the

investigations and results available in the literature since much of it is

quite significant and new.

Research Approach and Group Organization

The research approach has been to conduct extensive small-scale experi-

ments related to the basic flow mechanisms encountered in these flows and t-

analyze these flows based on component models and finite-difference tech-

niques. The experiments examined relatively simple base flow configurations

and made LDV measurements, static pressure measurements, and flow visualiza-

tion studies of the flowfield generated in a small-scale wind tunnel. The

theoretical analyses emphasized the interactive nature of the various flow

mechanisms and tested improvements to the predictive capability.

The Gas Dynamics research Group is comprised of five faculty members ( A.

L. Addy, W. L. Chow, J. C. Dutton, H. H. Korst, and R. A. White) bringing to

the investigation of the base flow problem many years of experience and many

varied interests. The group supervises a large number of capable and inquisi-

tive graduate students both on the masters and doctoral level. The interests

of the five faculty members as well as their graduate students span the entire
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g spectrum from predominantly theoretical-numerical analyses to experimental

investigations.

Final Technical Report Organization

The overall organization of this report attempts to detail the major

accomplishments of the research group during the three-year period of ARO

sponsorship in a fashion which illustrates the three-pronged effort: analyti-

cal, experimental, and computational. Each research investigation is cate-

gorized and described in brief detail and the associated published literature

is included in an appendix. The inclusion of a copy of the published litera-

ture is intended to ease the burden on the reader for obtaining symposium pro-

ceedings and other publications which tend to be difficult to obtain.

The relatively brief "text" of this final technical report has been out-

lined and organized to provide quick reference to a particular topic of

interest. Most of the research results have been made available through

; ~organized meetings and publications of the American Institute of Aeronautics

and Astronautics (AIAA) and the American Society of Mechanical Engineers

(ASME). In those instances when a detailed paper is available, only a brief

description is given and the reader is referred to the appropriate appendix

for further details.

The research results are treated for analytical topics in Section 1,

experimental efforts in Section 2, and computational work in Section 3. The

remaining sections describe the research efforts in crossover and related

areas concerning separated and base flows.

Once the research topics have been discussed, the continuing and future

research activities of the research group are described. The strong commit-

ment of this research group towards an understanding of the base flow problem

- 1
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is evidenced by the multi-year development and assembly of advanced experi-

* mental equipment which will provide well-documented data for the ongoing

analytical and computational work. Lastly, some conclusions and recommenda-

tions are made concerning new information about the base flowfield and the

value of a unified group research effort for this problem area.

Continuing Research Activity

Although this final technical report summarizes a three-year effort, our

research group is continuing the investigations of the base flow problem and

anticipates further significant contributions to the knowledge of the funda-

* mental mechanisms and interactions of the near-wake flow. The emphasis of our

ongoing research activity is focused on the following general research tasks:

(1) Power-on and power-off transonic base flow analyses based on
the equivalent body concept;

(2) Small-scale wind tunnel experiments investigating the prob-
lem of supersonic turbulent base flow in the presence of an
inner exhaust jet. The experiments emphasize [DV mieasure-
ments of the near-wake flowfield;

(3) Unsteady aspects of flow reattachment after separation from
a rearward-facing step. The experiments will emphasize
fast-response pressure measurements near the reattachment
point; and

(4) Planning and development of experiments to examine the char-
acteristics and flow mechanisms involving plume-induced
separation on a thin-base model.

h~*These ongoing research tasks and the published results of the past six years

are indicative of the strong commitment of the Gas Dynamics Group and their

graduate students to quality and thorough research aimed at a better under-

standing of the mechanisms of separated flows. A large commitment of finan-

cial resources and time has been made to establish a unified research effort

and efficiently utilize the computer and LDV facilities made available to this

group through Army Research Office support. The level of significant results

Ik , _.



presented in this report and the number of doctoral graduates continuing

fundamental research indicates the personal interest and cotmmitment to quality

and the potential for contributions in the future.

~ILA
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RESEARCH TOPICS

1. COMPONENT ANALYSIS AND MODELING OF BASE FLOWS

The development and improvement of component models for the prediction of

missile base flowfields have been the subject of considerable effort during

the current research program. Both the transonic and supersonic flight

regimes have been investigated as have the effects of nonuniform nozzle flow

and afterbody boattailing. The methods employed and the significant results

Sof these studies are summarized in the following sections.

1.1 Base Pressure of an Unpowered Projectile Within the Transonic Flight
Regime

An equivalent body concept has been developed to examine the base

pressure problem of transonic flow past a blunt-based projectile. In this

aanalysis, the external inviscid flow is established by finite difference com-

putations of the axisymmetric potential equation, and the viscous flow pro-

cesses are treated on the basis of an integral approach. While the viscous

flow region is attached and guided by the external inviscid flow in the sense

of boundary layer concepts, the parameters which are needed to describe the

equivalent body geometry for the inviscid flow are determined through viscous

considerations. The strong viscid- 4 -viscid interaction of this flow is

clearly illustrated by this approach to the problem. A definition of the base

pressure that is compatible with that for the supersonic flow regime has been

developed for the transonic flow regime. In addition, an analysis of the

asymptotic far-wake condition has been used to relate a needed parameter to

the total drag experienced by the projectile.

This method has been applied to the problem of transonic flow (both sub-

4. sonic and supersonic) past a six caliber secant-ogive-cylinder (SOC)
4.
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projectile. From this study, it has been learned that the base drag is always

a large portion of the total drag experienced by a projectile in transonic

flight. In addition, the transonic drag rise has been clearly observed in

this investigation. The predicted static pressure distributions along the

projectile surface have been compared to experimental data for flight Mach

numbers in the range M. = 0.9 - 1.2 and have been found to be in excellent

agreement with the data.

The details of this research effort are described in two papers authored

by Professor W. L. Chow. These papers are included as Sections A.1 and A.2 in

Appendix A.

1.2 Effects of Boattailing of an Unpowered Projectile in Transonic Flow

The method described above for transonic flow past a blunt trailing

a iedge projectile has been extended to consider the effect of boattailing the

projectile. It was recognized that only the geometry of the equivalent body

needed to be modified, and once this was accomplished, the earlier study

became the special case of zero-degree boattail. The remaining details of the

analysis are identical to those described previously for the blunt base pro-

jectile.

This technique has been used to investigate the effect of boattailing on

the forebody pressure distribution and the base pressure for transonic flow

past a six caliber SOC projectile. Computations for two freestream Mach num-

bers, M, = 0.9 and 1.2, were performed for several boattail angles. Over the

limited range of angles considered, it was observed that the reduction of the

base drag outweighed the additional drag incurred on the boattail, thus indi-

cating a favorable interference effect. However, it was also recognized that

more precise simulation of turbulence is needed before a more accurate

N, .
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evaluation of the optimum boattail configuration can be carried out. Compari-

son with experimental projectile surface pressure data has been done whenever

possible. Reasonably good agreement in the pressure distribution on the pro-

jectile forebody has been observed over the range of parameters studied.

Further details concerning this research investigation can be found in a.

paper authored by Professor W. L. Chow. This paper is reproduced in Section

A.3 of Appendix A.

1.3 Base Pressure of a Powered Projectile Within the Transonic Flight
,C,, Regime

The capability for prediction of the base pressure of a powered pro-

jectile within the transonic flight regime has been examined in an attractive

and straightforward way through component modeling of the flow. This

approach, originally developed for the supersonic base pressure problem, can

be extended to transonic flow regimes using the previously described equiva-

lent body concept for separated flow problems and the computer program

developed for solution of the transonic inviscid flow.

The external inviscid transonic flow is established from an equivalent

axisymmetric body whose asymptotic radius at a far downstream position is

determined by the final uniformly flowing jet corresponding to the jet pres-

Isure ratio. The geometry of the equivalent body is characterized by a shape

factor whose value is linked to the size of the separation region and the

level of the base pressure. The value of the shape factor is determined by

the viscous flow processes which govern the viscid-inviscid interaction.

Once the inviscid flowfield has been established, the isoenergetic quasi-

constant pressure turbulent jet mixing processes are determined which satisfy

the initial conditions. The inner jet flow has as its pressure field that

which is transmitted from the established transonic flowfield across the wake.
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The inviscid supersonic stream has been established by the method of charac-

teristics. This process is continued until the region of lowest pressure is

. reached and the recompression process occurs. The calculation of the recom-

pression process itself is governed by a recompression parameter and a solu-

tion is reached when the mass entrainment from the freestream matches the mass

extraction by the inner jet.

Reasonable results have been obtained from this straightforward component

approach and furt'er questions or suggestions about this method can be

directed to Professor W. L. Chow.

1.4 Effects of Nonuniform Throat Flow on Base Pressure at Supersonic
Flight Speeds

The effects on base pressure at supersonic flight speeds of nonuni-

form propulsive nozzle flow have been investigated. The nozzle flowfield is

computed by using the transonic throat flow series solution of Dutton and Addy

[8] to initiate method of characteristics calculations for the nozzle diver-

gence section. The Chapman-Korst component flow model is then used to compute

the missile base flowfield.

This technique has been used to investigate nonuniform nozzle flow

effects on base pressure for a cylindrical boattail configuration at a flight

Mach number of ME = 2.0 with a circular arc throat/conical expansion section

propulsion nozzle. The parametric values considered for the dimensionless

nozzle throat wall radius of curvature were RCw/RT = 0.75, 1.0, 1.5, 2.0, 4.0,

and 8.0 and for the nozzle gas specific heat ratio were yI = 1.25 and 1.4.

For yI = 1.4, nonuniform nozzle flow effects result in a maximum increase in

base pressure of approximately 6% over the ideal conical nozzle baseline case.

For yI = 1.25 the maximum increase is about 7%. Since the component model

A. with nonuniform nozzle flow effects included generally predicts a higher base
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gpressure than the ideal conical flow baseline case while the experimental

measurements fall 13-14% below this same baseline, it is readily concluded

that these effects are not the primary source of disagreement between the

original component model and experiments. In fact, these results point out

.. that there must be other, larger factors not accounted for in the original

theory which act in the opposite direction to bring the base pressure down to

the measured level. Such factors include the afterbody and nozzle wall bound-

" ary layers and inadequate modeling of the shear layer mixing, recompression,

and redevelopment processes.

The methods and results of this study are discussed in detail in the two

papers contained in Sections A.4 and A.5 of Appendix A. These papers were

written by Professors A. L. Addy and J. C. Dutton and Mr. V. A. Amatucci.

- 2. SMALL-SCALE EXPERIMENTS OF SEPARATED FLOW CONFIGURATIONS UTILIZING A LASER
DOPPLER VELOC IMETER

A major focus of research effort has been the development of a state-of-

the-art two-color, two-component laser Doppler velocimeter (LDV) system for

3making mean and turbulence measurements in separated flow experiments.

Startup and development of the LDV system has been the concern of Professor A.

L. Addy and four of his doctoral-level graduate students over more than six

years. This group has investigated high-speed flow configurations character-

ized by embedded separated regions in small-scale wind tunnel experiments

. aimed at gathering insight into the fundamental flow mechanisms involved. The

non-intrusive nature of the LDV system makes it of special value in supersonic

separated flows in providing mean and turbulence data with no artificial dis-

*turbance of the flowfield.

The research effort towards making LDV measurements of the base flow

region is motivated by the following research objectives:

4-h
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" To develop facilities and expertise for making LDV measurements
in high-speed flows with embedded separated flow regions;

" To investigate separated flow mechanisms in plane, two-dimen-
sional configurations; and

" To identify and investigate the techniques and problems associ-
ated with the use of an LDV system in high-speed compressible
flows.

The intent of each research topic which utilizes the LDV system is to provide

new, extensive, and well-documented data and also to study the capability of

laser Doppler velocimetry as an experimental measurement tool.

The sections which follow describe the particular research efforts of

Professor Addy's four doctoral students and the significant results and

observations that result from their work. In all cases the experiments

involve test models of base flow configurations in small-scale blowdown wind

tunnels where the data included Schlieren photographs, pressure measurements,

and velocity measurements utilizing the LDV system.

2.1 Initial Development of Turbulent Compressible Free Shear Layers

An experimental investigation was conducted to examine the nature of

compressible, two-dimensional planar, turbulent free shear layers formed by

the separition of a Mach 2.43 flow over a backward facing step. Two different

wind tunnel test sections were used to achieve a constant pressure separation

of the shear layer at the backstep corner so that the developing free shear

layer was unaffected by pressure gradient effects. The objective was to gain

some detailed knowledge of the mean flow and turbulence characteristics of the

developing free shear layer in the absence of an initial expansion or compres-

*sion process.

The study made use of sidewall static pressure measurements, surface oil

flow visualization, Schlieren photographs, and two-component coincident laser

-S..-, 4. ~ ~ * * ,. . ... *~ . . - * - . . .
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Doppler velocimeter measurements. The constant pressure initial shear layer

development was achieved in one case by forcing reattachment onto an adjust-

:0 able ramp located downstream of the step and in the second case by using a

porous plate assembly to inject mass bleed into the recirculating region. The

boundary layer and flowfield velocity measurements provided details regarding

the physics of the flow not available in prior research efforts.

The results showed streamwise component turbulence intensities comparable

to incompressible mixing layer values. Transverse velocity component turbu-

lence intensities, turbulence shear stresses, shear layer growth rates, and

shear layer entrainment rates were all significantly smaller than

-- incompressible mixing layer values. Free shear layer turbulent stresses and

* - mass flow entrainment rates were increased as a result of flow recirculation.

LDV statistical velocity bias was experimentally confirmed and a two-dimen-

sional velocity inverse weighting factor was found to correct for the bias

reasonably well.

The research effort on initial free shear layer development was conducted

by Dr. H. L. Petrie and the details can be found in his doctoral thesis [9].

~ In addition two papers have been authored by Dr. Petrie, Dr. M. Samimy, and

Professor Addy and include further details of this work. These papers are

included in this report as Sections B.1 and B.2 in Appendix B and give more

specific details of the experiments and results.

2.2 Reattachment and Redevelopment of Compressible Turbulent Free Shear
Layers

An experimental study was conducted using small-scale wind tunnel

configurations to examine the base flowfield with particular focus on the

recompression, reattachment, and redevelopment process. The free shear layers

and resulting near-wake flowflelds were produced in three different ways,

AL JN.
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namely:

(1) Geometric separation of a Mach 2.46 flow with a turbulent
boundary layer without any expansion or compression at the
corner, with subsequent reattachment onto an adjustable
ramp;

(2) Geometric separation of a Mach 2.07 flow with a turbulent
boundary layer from a traditional backstep with reattachment
on the wind tunnel floor; and

(3) Two supersonic streams of Mach 2.07 and 1.50 separating from
a 25.4 mm base with impingement and interaction downstream.

The experiments investigated the fundamental features of the reattachment and

redevelopment process onto solid walls and compliant boundaries.

The experiments emphasized data collected using a two-color, two-compo-

nent laser Doppler velocimeter system in coincident mode but also include,

Schlieren photographs and detailed static pressure measurements. The differ-

ences between reattachment on a solid wall and reattachment on a compliant

boundary (such as existed in the two-stream case) were examined as well as the

5 effects of the corner expansion process. Again the objective of the research

effort was to gain some basic knowledge about high velocity separated flows

and the fundamentals of the recompression and reattachment process.

* A significant amount of new results was found relating to the expansion

and recompression process. In the single stream cases, the distortion of the

turbulence field resulting from the boundary layer expansion at the step wac

found to produce a strong anisotropy which continued throughout the shear

layer and was enhanced in the reattachment region. In contrast to incompres-

sible reattaching free shear layers, significant increases in the turbulence

level, shear stress, and turbulent triple products were observed within the

reattachment region. Large turbulence structure and enhanced mixing were

observed in the redeveloping region. For the two-stream case, both streams
e__
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show general features similar to those of compressible reattachment onto a

solid surface.

The research effort concerning reattachment and redevelopment was the

work of Dr. M. Samimy's doctoral thesis [10]. The details of these experi-

ments are available in Dr. Samimy's Ph.D. thesis and also in a number of pub-

lications and papers co-authored with Dr. Petrie and Professor Addy and

included in this final technical report as Sections B.3 through B.8 of

4 Appendix B.

2.3 Turbulent Boundary LaXer Properties Downstream of a Shock Wave-
Boundary Layer Interaction

An experimental investigation was conducted- to study the interaction

between a shock wave and a turbulent boundary layer. The boundary layer was

formed on the floor of a wind tunnel operating with a freestream Mach number

g of 2.94. Compression corner models, or ramps, mounted on the wind tunnel

floor were used to generate the oblique shock wave. Ramp angles of 8, 12, 16,

20, and 24 degrees were used to produce the full range of possible flowfields,

including flow with no separation, flow with incipient separation, and flow

with a significant amount of separation.

Measurement techniques used in this investigation included Schlieren

nphotography, surface static pressure measurement, surface streak pattern

measurement, and laser Doppler velocimetry. The LDV system was used to make

two-component coincident velocity measurements within the redeveloping bound-

ary layer downstream of the interaction.

The results of the LDV measurements indicated that the boundary layer was

significantly altered by the interaction. The mean streamwise velocity pro-

files downstream of the separated compression corners were very wake-like in

nature, and the boundary layer profiles downstream of all the interactions

.|,.
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showed an acceleration of the flow nearest the wall as the boundary layers

began to return to equilibrium conditions. The streamwise turbulence intens-

ity and the Reynolds stress within the redeveloping boundary layers were

increased by the interaction, with the amount of increase directly related to

ramp angle. Both quantities reached maximum values in the central regions of

the boundary layers. Several features of the redeveloping flow, including

high rates of boundary layer growth, large Reynolds stress values, and large

turbulent triple product values, indicated the presence of large scale turbu-

lent structures within the turbulent boundary layers downstream of the shock

wave-boundary layer interactions.

This research effort on the shock wave-boundary layer problem was con-

ducted by Dr. D. W. Kuntz for his Ph.D. thesis [11]. Further details of these

experiments can be found in the thesis and also in publications co-authored by

Dr. Kuntz, Mr. V. A. Ainatucci, and Professor Addy. Two of these publications

are included in this final technical report as Sections B.9 and B.10 of

Appendix B.

2.4 Turbulent Compressible Base Flow in the Presence of an Inner Exhaust
J~et

An ongoing experimental research effort is investigating the turbu-

lent base flow problem in the presence of an inner propulsive jet. A small-

scale wind tunnel facility is being utilized to produce two compressible tur-

bulent supersonic streams which separate from a finite thickness base and

interact in a traditional base flowfield. The mechanisms of expansion, shear

layer mixing, recompression, reattachment, and redevelopment are all present

to produce the fundamental flow mechanisms associated with a typical flow

region behind a powered missile.
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The experiments are examining the fundamental flow processes in terms of

how they are affected by variation in inner jet Mach numbers and jet-to-

freestream pressure ratio. The models used in these experiments produce a

freestream Mach number of 2.55 and inner jet Mach numbers of 2.05 and 2.55.

The jet-to-freestream static pressure ratio values will be 1.0, 1.3, and 2.1

and in all cases the boundary layers at separation will undergo strong expan-

sions and subsequent mixing.

The flowfield measurements include Schlieren photographs, sidewall static

pressure data, and laser Doppler velocimeter data. The LDV system is being

used in a forward scatter two-component coincident mode in order to extract

* mean and turbulence information from the instantaneous velocity data. The

flowfield quantities of interest are mean flow velocity components, turbulence

intensities, kinematic Reynolds stresses, turbulent kinetic energy, higher

order moments including triple products and skewness and flatness factors, and

the turbulence production, apparent eddy viscosity, and mixing length scale.

j The measurements are concentrated in the regions of the separation points,

shear layer growth, and recompression and redevelopment.

This ongoing research effort on the turbulent base flow problem with an

inner exhaust jet is the doctoral work of Mr. V. A. Amatucci. The details

will be available in his Ph.D. thesis in January of 1987.

3. COMPUTATIONAL ANALYSIS OF RELATED RESEARCH TOPICS

In addition to the development of component base flow models described in

Section 1 and the small-scale LDV separated flow experiments described in

Section 2, continuing progress has also been made in the area of computational

"L" analysis of related high-speed separated flows. Included in this category are

thin-layer Navier-Stokes computations for transonic flow past a powered

LP '71 _:
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projectile and analysis of laminar flow past a projectile using viscid-

inviscid interaction techniques. The results of these studies are summarized

in the following sections.

3.1 Turbulent Base Pressure of a Projectile in Transonic Flight Condi-
tion--Thin-Layer Navier-Stokes Computations

An effort has recently been directed toward numerical computations of

a base flowfield on the basis of the thin-layer Navier-Stokes equations with

algebraic turbulence modeling. Attempts have been made to improve the results

V. of these computations for the case of transonic, power-on base flow for a

cylindrical boattail geometry. A thin-layer time-dependent Navier-Stokes base

flow code has been employed in these computations. This code uses the Beam

and Warming [12] approximate factorization scheme in its solution algorithm

together with the algebraic turbulence model of Baldwin and Lomax [13]. To

improve the capability of the computer program, the streamwise diffusion of

momentum terms were included, so that the full Navier-Stokes equations were

employed rather than the thin-layer approximate forms. Also, because of the

difficulty in applying the Baldwin-Lomax turbulence model for the jet mixing

process along the jet boundary, an attempt at improving the estimation of the

_ turbulent eddy viscosity was made based on the simple exchange coefficient

concept.

Once these changes were implemented in the code, the base flowfield was

computed for a cylindrical boattail geometry at a flight Mach number of M" =

1.4 and a nozzle Mach number of Mn = 2.75. The results for this centered

rf.- power-on case indicate that the base pressure is increased as compared to the

original calculations, but that it is still low when compared with the experi-

mental data. On the other hand, the magnitude of the maximum reverse flow

44 44 velocity within the separated region is reduced to a reasonable level so that

* '' .4.u- J, % \-%
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the pressure variation across the base is acceptable. The results of this

computation are compared with other approaches and experimental data in the

figure contained in Appendix C.

This research was conducted by Professor W. L. Chow.

3.2 Numerical Analysis of Laminar Flow Past a Projectile Using Viscous-
Inviscid Interaction

A viscid-inviscid interaction technique has been developed to predict

flows with separation. The outer inviscid flow is calculated from the poten-

tial equation while the viscous flow regions are computed on the basis of

boundary layer equations. A modification of the viscous momentum equation was

necessary in order to continue marching in the streamwise direction through

separated flow regions. This modification, known as the FLARE approximation,

suppresses the streamwise convection term when the streamwise velocity compo-

nent is negative.

This interaction method has been used to compute laminar flow through an

asymmetric expansion in a two-dimensional channel and laminar flow past an

axisymmetric secant-ogive-cylinder projectile. The results of these calcula-

tions suggest that this viscid-inviscid interaction technique can provide

reasonable predictions of separated flows provided the reverse flow velocities

remain below approximately 15 percent of the freestream velocity. When

applied to the case of an asymmetric expansion in a two-dimensional channel,

the results agree favorably with experimental results. However, the FLARE

approximation has been demonstrated to be mathematically unsound for several

of the axisymmetric flow cases considered.

vt The results of this research study are discussed in the M.S. thesis of

Mr. E. L. Gruber [14] who worked under the direction of Professor W. L. Chow.

i
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4. CORRELATION OF EXPERIMENTAL RESULTS FOR TURBULENT EXCHANGE MECHANISMS IN
SUPERSONIC, COMPRESSIBLE FREE SHEAR LAYERS

A research effort was undertaken to investigate the behavior of the turbu-

lent exchange mechanisms for supersonic compressible free shear layers by

evaluating recent experimental results obtained through application of laser

Doppler velocimetry and hot-wire anemometry. The purpose was to describe the

mechanisms which control both flow separation and wake flow, with particular

emphasis on the shear layer mixing region.

The analytical approach to prediction of the shear layer properties was

based on a two-layer component method treatment of the mixing region. The

two-layer model was developed specifically for flowfields experiencing expan-

sion at separation and treats the shear layer as being composed of an inner

viscid-dissipative layer and an outer inviscid-rotational layer. The model is

applicable to regions near the point of geometric separation and is applicable

to flowfields with finite approaching boundary layer thicknesses. This con-

venient theory is used to help interpret and correlate newly obtained free

shear layer data.

Empirical information is extracted from the mean flow and turbulent data

of four experimental efforts concerned with the traditional backstep configu-

ration. The analysis uses the kinematic, dynamic, and thermodynamic exchange

characteristics of the free shear layer as a basis for comparison. By evalu-

ating the available experimental data and comparing the results with the

corresponding two-layer model solution, information was obtained concerning

the two-layer model's ability to interpret such experimental results.

The two-layer model adequately predicted the behavior of the turbulent

exchange mechanisms although it had difficulty with the expansion at geometric

separation. Transition in the shear layer and the shear layer velocity
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profiles and spread rate parameters correlated well between the two-layer

analysis and experimental data.

The details of this correlation research effort can be found in the M.S.

thesis of Mr. J. A. Moorehouse [15] prepared under the guidance of his

advisor, Professor H. H. Korst.

5. MODELING OF PROPULSIVE JET PLUMES AND THE EFFECTS ON AFTERBODY AND BASE
FLOWS

The operation of propulsive nozzles at pressure ratios high enough to

,* cause plume-induced separation on the afterbody suggests appropriate initial

efforts to predict the flowfield. The research attempts to predict afterbody

flowfields having gross amounts of separation upstream of the geometric corner

usually require quality data obtained in wind tunnel simulations. Thus a con-

siderable research effort has been focused on proper modeling and simulation

of propulsive jets in wind tunnels, and that work is described below.

5.1 Wind Tunnel Simulations of Propulsive Jets and Their Modeling By Con-
gruent Plumes

An ongoing research effort by Professor R. A. White of the University

of Illinois and Drs. Agrell and Nyberg of the Aeronautical Research Institute

of Sweden (FFA) has been examining the effects of aerodynamic interference

caused by plume-induced separation from propulsive afterbodies. In particu-

*. lar, they have conducted wind tunnel experiments using Freon and air to evalu-

ate the merits and potential of a methodology for plume simulation by congru-

ent plumes with gases of dissimilar specific heat ratios.

The generation of jet plumes in wind tunnel investigations must account

for all of the factors affecting the induced flowfield, such as plume shape,

plume deflection, mass entrainment along the shear layers, wake closure,

viscous and dynamic effects, temperature, and specific heat ratio. Since all

- N ,
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these parameters cannot be simulated simultaneously in a wind tunnel, their

relative importance must be determined. Analytical concepts have pointed to

plume geometry, pliability, and entrainment characteristics as factors of

highest concern and wind tunnel tests at facilities of the FFA have been con-

ducted to evaluate a new plume simulation methodology.

The new methodology correctly stresses jet plume geometry in terms of the

initial expansion angle of the jet, but goes further. This technique allows

matching of both the initial deflection angle and the plume shape through its

local radius of curvature. The local pressure rise at impingement of the

:7 plume and external flow is also satisfied.

Experiments using compressed air and Freon-22 tested the applicability

and limits of this methodology for a broad range of wind tunnel test condi-

tions. The results demonstrated good correlation between base pressure and

flow separation near the vicinity of the base although some minor discrepan-

cies between the Freon and air cases require further study. The methodology

also produced satisfactory results when operated 25 percent off of the design

pressure and at high angles of attack.

The details of this plume simulation research effort were published in

the literature, and the publications have been made available here as Sections

D.1 and D.2 of Appendix D.

5.2 Modeling of Propulsive Jet Plumes Utilizing Wall Curvature Effects

A second research effort examining the modeling of jet plumes in wind

tunnels has used the unique approach of designing model nozzles with converg-

*ing-diverging-converging cross sections. The analysis satisfies the plume

simulation requirements for geometry by not only duplicating the initial plume

angle but in particular by choosing the initial radius of curvature to
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adequately define the plume shape bordering the near wake. Plume surface pli-

ability is modeled to satisfy both the inviscid and viscid interaction mecha-

nisms of plume-slipstream confluence at the end of the wake.

Experiments using these converging-diverging-converging model nozzles

were conducted in an effort to determine the validity of this type of nozzle

modeling in wind tunnels. The results demonstrated general agreement between

predicted and experimentally determined flowfield parameters.

*Further details regarding this research effort are provided in the M.S.

thesis of Mr. S. E. Doerr [16].

5.3 Mechanisms Controlling Non-Steady Plume-Wall Interactions

An extension of jet plume simulation has been done in an effort to

observe, analyze, and explain the flowfield arising from the interaction

between a supersonic exhaust plume and nearby walls. The phenomenon is char-

acterized by large-scale separation and irreversibility and the development of

strong, non-steady pressure waves."1

The research effort analyzes the plume-wall interaction in terms of the

different flow components and regions and attempts to determine system param-

eters such as cycle times, shock strength, and base pressure limits. The

analysis calculates the primary nozzle flow, secondary nozzle flow, and shock

wave system development in a component method fashion.

The details of this research effort on observations and analysis of

plume-wall interactions can be obtained in the doctoral thesis of Dr. M. J.

Marongiu [17] conducted under the guidance of Professors H. H. Korst and R. A.

White.

'. .



- PREVIOUS PAGE

29 IS BLANK

CONTINUING AND FUTURE RESEARCH ACTIVITIES

Much of the research conducted during this contract focuses on the base

- flow problem and related analytical, computational, and experimental inter-

ests. The complex nature of the near-wake flowfield indicates that many

fundamental and interesting questions have still been unanswered. The five

principal investigators, as well as many of the doctoral graduate students,

have a strong commitment and interest in continuing the research effort asso-

ciated with the investigation of the fundamental mechanisms which occur during

missile flight.

The research activities which are considered of primary interest and

warrant continuing and future emphasis can be generally described as follows:

(1) Small-scale, planar, two-dimensional experiments of funda-
mental supersonic separated flows related to base flow con-
figurations and emphasizing laser Doppler velocimetry as the
measurement tool;

"- (2) Initiation of axisymmetric, supersonic, small-scale experi-
ments to obtain detailed flowfield measurements for the
power-on and power-off cases for configurations more closely
approximating actual missile or projectile applications;

(3) Continuation and refinement of component modeling of base
flow in the transonic flight regime; and

(4) Investigation of methodologies to improve and/or use exist-

sing computer codes for numerical computation of base flows.

Small-Scale, Two-Dimensional Experiments Related to Near-Wake Flows

In the general description of the near-wake flowfield, the separation of

a boundary layer to form a free shear layer, the development of the free shear

layer in the presence of a recirculating flow, and the recompression/reattach-

ment of a free shear layer were identified as fundamental flow mechanisms for

which detailed experimental data are needed. If analytical and computational

models are to be improved and refined, reliable and well-documented data are a

w3
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*necessity. As a consequence, three separate but related series of experiments

are underway which should provide new insight and data concerning these basic

- flow mechanisms. The two-dimensional experiments can be briefly categorized

as follows:

(1) An investigation of separation, recompression, and
redevelopment in supersonic two-stream flows;

(2) An investigation of flow-induced separation and recompres-
sion in supersonic two-stream flows; and

(3) An investigation of the effects of base geometry on base
flowfields in supersonic flow.

The small-scale, two-dimensional experiments will focus on extensive lase,

Doppler velocimeter measurements and static pressure surveys of the funda

mental mechanisms in the near-wake region.

- * -The significant amount of time, energy, and finances expended to assemble

and operate a two-component, two-color LDV system has resulted in the collec-

tion, processing, and presentation of mean and turbulence data for base flow

.'. experiments. The widespread acceptance of LDV data produced by this research

.i group for backstep and shock wave-boundary layer experiments illustrates the

need for such data and the ability of these researchers to make careful, reli-

able, and well-documented measurements with an LDV system in supersonic

separated flows. Further improvements to the LDV system such as additional

'-9 electronic and optical components, a new DEC PDP-11/73 data acquisition

computer, a new HP-9000 laboratory based super mini-computer, and a computer

-_4-- controlled traversing system ensure the availability of precision test facili-

ties for state-of-the-art data measurement on small-scale wind tunnel models.

The experiments conducted by the doctoral graduate students of Professors Addy

and Dutton using these types of research tools will continue to provide rele-

vant and insightful base flow data.

iD ,."
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Initiation of Small-Scale Axisymmetric Experiments Related to Near-Wake Flows

Since the geometry in actual missile applications is axisymmetric, a

S".series of small-scale experiments will extend the research group's expertise

and experience into making velocity and pressure measurements for geometries

, more closely approximating actual missile flight. The axisymmetric power-off

and power-on base flow experiments will utilize an annular nozzle apparatus

where the center sting is supported upstream in a plenum chamber. The sting

7will be hollow to allow for the introduction of the jet flow which is accel-

erated through a converging-diverging nozzle. The outer surface of the sting

is cylindrical and acts as a centerbody for the outer nozzle.

The experimental measurements to be obtained in this investigation will

again consist of Schlieren/shadowgraph photography, and afterbody and base

static pressure distributions, but with primary emphasis on LDV velocity

measurements from which can be extracted mean and turbulence quantities. The

overriding objective of this study is to define the flow mechanisms occurring

and to obtain quantitative detailed flow data for axisymmetric power-off and

power-on base flows.

Component Modeling of Base Flow in the Transonic Flight Regime

In the majority of external flow problems, a large portion of the flow

1away from the body and the wake is essentially inviscid, while the region

~. adjacent to the body and wake is predominantly viscous. As previously dis-

cussed, the equivalent body concept for the treatment of a six caliber secant-

ogive-cylinder projectile in transonic flow has been developed with excellent

agreement with data for surface pressure distribution and base drag for zero

or small boattail angles. Shortcomings in the treatment of larger boattail

Ii A
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angles demonstrate the need for more sophisticated treatment of the viscous

flow processes.

Therefore, a research effort will be directed at developing a method

which solves the inviscid region using a potential flow analysis and solves

the viscous regions, including the wake, using the Navier-Stokes equations

',. with improved turbulence modeling. This represents an intermediate approach

between utilizing the simplified integral analysis for the viscous regions on

the one hand and using the Navier-Stokes technique for the entire flowfield on

the other.

Numerical Computation of Base Flows

A recently started and continuing effort will investigate the large-scale

Navier-Stokes computation of base flowfields and is aimed at developing meth-

odologies to improve and/or implement existing computer codes. Once a basic

scheme for computing the overall base flowfield has been developed, several

problems of interest can be investigated. Some of these problems include

plume-induced separation, alterations of the base geometry, introduction of

base bleed, and initiation of wake combustion. Utilizing the computational

-" -resources at the University of Illinois to make large-scale Navier-Stokes

calculations, taken together with our ability to make detailed LDV flowfield

measurements, we are making progress in understanding the complex flow

processes occurring in high-speed separated flows. The experimental data

should aid in the development of better computational models, and the calcula-

,.- tions should also help to define better experiments in terms of which regions

of the flowfield and which flow quantities are of primary interest.

is-.
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CONCLUSIONS AND) RECOMMENDATIONS

The research effort directed at an understanding of the fundamental fluid

* dynamic mechanisms of separated flows has produced a significant amount of new

information and provided new insight into the base flow problem. The support

of this research contract has served to unify the efforts of the five princi-

pal investigators and their graduate research assistants and to provide a

balanced analytical, computational, and experimental investigation of the

near-wake flowfield and related fluid dynamic mechanisms. The strong repre-

sentation of the work of this research group in the available literature and

at conferences is a testimony to the contributions made towards an understand-

ing of missile base flow and is also an indication of the strong commitment of

interest, time, and effort towards maintaining a strong technical expertise at

I the University of Illinois in the base flow area of research.

From the research conducted over the past three years, the following con-

clusions can be drawn:

(1) The research group has successfully assembled and used a
state-of-the-art laser Doppler velocimeter system for making
velocity measurements in small-scale near-wake flowfields.
The two-color, two-component LDV system has demonstrated its
usefulness as a measurement tool in wind tunnel model simu-
lations of base flow configurations.

(2) Significant LDV data has been obtained and presented which

dynamic mechanisms encountered in the typical expansion and
0 *J separation-type processes of the base flowfleld. Detailed

4 velocity information has been and is being gathered using
I the LDV system for such base flow mechanisms as initial

shear layer development, recompression/ reattachment, shock
wave-boundary layer interaction, and pl ume/f reest ream inter-
action.

ki (3) Significant progress and insight have been gained in the
component method analysis of the flowfleld about an

-;unpowered projectile in the transonic flight regime. The
equivalent body concept has been improved and the pressure
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distribution and base drag predicted by this technique are
in excellent agreement with available experimental data.

(4) An analysis which incorporates the effects of nonuniform
* nozzle flow on base pressure was developed and showed these

effects to be minor in comparison with larger factors not
accounted for in the original component model.

(5) Successful correlation was made between the research group's
LDV experimental results and a two-layer analytical model
for description of the shear layer mixing region.

(6) Success was obtained in developing analyses and modeling
theories for jet plume effects on afterbodies and base
flows. The ability to predict proper wind tunnel simulation
of rocket or jet plumes strongly depends upon appropriate
matching of the initial plume deflection angle, plume radius
of curvature, and plume pliability.

Numerous other specific conclusions may be drawn from the research work which

has been completed and are indicated in each separate instance throughout this

technical report.

In addition, the research which has been conducted over the past three

years has identified the following items for recommendation:

(1) The further development and application of the LDV system
for small-scale base flow experiments is strongly recomt-
mended in light of its ability to provide mean and turbu-
lence data and its suitability to separated flowfields. The
doctoral-level graduate students who have used and are using
the LDV system demonstrate a commitment to maintaining and
improving the system as a state-of-the-art tool and are
breaking new ground in the operational use of an LDV system
in supersonic separated flow applications.

(2) Further small-scale experiments of base flow configurations
S are recommended with emphasis on LDV measurements of two-

stream interactions. An eventual transition from two-dimen-
sional planar wind tunnel models to axisymmetric flow con-P figurations is suggested.

(3) The continued investigation and refinement of analytical
component model approaches to the description of the base
flowfield is recommended. Incorporation of the component
method approach with Navier-Stokes solutions, coupled in
regions of the base flowfleld where appropriate, is a logi-
cal next step in handling any attempt at prediction of the

I%
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complex viscid-inviscid processes occurring in the near-
wake.

(4) Investigation of methodologies and techniques to improve and
16 use existing Navier-Stokes computer codes for full-scale

numerical computations of the base flowfield is also
strongly recommended. The great potential for linking
between the ongoing LDV experiments and the computational
capability and its possible benefits motivate this reco-
mendati on.

As indicated throughout this technical report, much new information has

been obtained and published through this U.S. Army Research Office-sponsored

research effort, but many questions about fundamental mechanisms remain still

unanswered. Through the unified effort of analysis, computation, and experi-

mentation, the research group at the University of Illinois will continue to

provide new information and new ideas about the fluid dynamic mechanisms and

potential solution techniques for the base flow problem.
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BASE PRESSURE OF A PROJECTILE WI rHIN THE TRANSONIC FLIGHT REGIME

. L. Chow*

University of Illinois at lirbana-Cnampaign
Urnana, IL 6lO!

d dABSTRACT In a more detailed examination of the recom-
pression-retachment process of a turbulent free,"An equivalent body concept is developed to ex- smear layer , it was learned that this same in-

amine the base pressure problem of a transonic flow tegral analysis can be applied to study the base
past a blunt-based projectile. The inviscid flow presssure problems in any other flow regime. An
is established by finite difference computations of examination of base pressure problems of incom-
tme axisymmetric potential equation where the dis- pressible wedge flow was later carried out. 17 -T9

placement effect of the attached turbulent boundary The elliptic inviscid flow is established from
layer on the body is also accounted for. The vis- conformal mapping. The viscous flow was guided by
opus flow processes behind the base such as turbu- the established inviscid flow while the
lent jet mixing, recompression, reattachment, and characteristic parameters describing the inviscid
redevelopment are treated through integral formula- flow were determined from viscous flow processes.
tions. The strong viscid-inviscid interaction is This method of analysis also led to the study of
clearly illustrated from the method of approach to the base pressure problem for the transonic flow
the problem. A definition of tne base pressure, past a backward facing step i two-dimensional
compatible with that for the supersonic flow regime or axisymmetric configuration.V -  Indeed, since
has been developed which is necessary for the tran- the pressure field is established from the inviscid
sonic flow reqime. An analysis of the asymptotic flow, it would be appropriate to simulate the pres-
far wake condition would relate a needed parameter sure field including that behind the body on the
to the total drag experienced by the projectile, basis of an "equivalent body" concept. The solu-
Results are obtained for transonic (both subsonic tion of the transonic inviscid flow was established
and supersonic) approaching flow conditions. Con- from the finite difference calculations of the po-
parisons with available experimental data are also tential equation. It was learned that the point of
presented. Extension to cases with small angles of reattachment behaved as a saddle point
incidence is also discussed, singularity of the system of equations describing

the isoenergetic viscous flow recompression.
Furthermore, the pressure at the step cannot be

INTRODUCTION taken as the base pressure within the transonic
flow regime. It is obvious that the step pressure

Despite the prevailing popularity of solving coefficient increases toward zero as the free
fluid dynamic problems through large-scaled nu- stream Mach number increases toward unity, mean-

,*. merical computations of the Navier-Stokes equation, while the base pressure coefficient decreases
. study of the base pressure problem from the con- toward more negative values. It was also recog-

ventional approach provides a unique opportunity to nized that the study carried out up to this point
illustrate vividly the flow mechanisms governing constituted only the first approximation to tne
the phenomenon of these problems. It is well known problem, since the resulting equivalent body estab-
that the viscous flow plays an equally important lished from the viscous flow analysis was not yet
role as the external inviscid flow in the compatible with the original equivalent body se-

estanlishment of tne overall flow pattern. This lected to establish the inviscid flow.
- feature has been classified as a strong viscid-

inviscid interaction. Since the viscous flow is Additional study has been carried out on the
always located along the edge of the inviscid flow transonic base pressure problem. Specifically the
region, tne viscous flow is thus guided by the in- base pressure of a six-caliber secant-ogive-
viscid flow in the sense of the boundary layer con- cylinder projectile immersed in a transonic flow
cept. On the other hand, in direct association has been examined. The flow condition on the fore-
with the inviscid flow field, the geometry of the body including the attached turbulent boundary
wake as well as the pressure level and distribution layer, together with the processes of mixing,
within the wake are dependent upon the viscous flow recompression, reattachment, and redevelopment be-

- processes of jet mixing, recompression, reattach- hind the base, must be included in the considera-
. ment, and redevelopment behind the base. This tions. It will be Shown that the equivalent body

nutual dependency between the inviscid and viscous for this problem can be described with the help of
flows was pointed out by Crocco and Lees. 1  Much two characteristic parameters. It will also be

" work on base pressure has been carried ot 1 since demonstrated that the point of reattachment is a
that time. Some of them are listed here. It Saddle point singularity for the system of equa-
should be noted that all these investigations were tions describing the viscous flow recompression.
restricted to problems with supersonic ex~rTl Continued computation after reattachment will re-
flows. )trer than the limited few exceptions , veal that the fully developed wake flow state is
none of these analyses considered the process of also a saddle point singularity of the system of
redevelopment after reattachment. equations describing the viscous flow redevelop-

ment. However, with additional analysis of the
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asymptotic state of fully developed flow, one where A = (z-zG)/(ZRz-G)
parameter can be directly related to the total drag

of the body, and the problem can be reduced to a
problem of Reynolds number matching from the anal-
ysis of recompression. Extension to the case of Rb(z) = 5 for z 4 z (If)

flow witn a small angle of attack will also Ie sug- asy R
gested and discussed.

The schematic sketch of the equivalent body of a
projectile is shown in Fig. 2. It will be

ANALYTICAL CONSIDERATIONS recognized that the parameters characterizing the
equivalent body geometry are zR and 6" for this

For an external flow past a body, the surface specific projectile. It is also worthwMe to note
pressure distribution is the item of utmost concern that a varies from zero to unity when z is between
which supplies the basic information for the lift, points G and R and the second power employed in Eq.
drag calculations. Inasmuch as the boundary layer (Id) assures the slope continuity of the profile at
concept is applicable, the pressure distribution is the base. Furthermore, it can be shown that under
entirely determined from the inviscid flow ge- the far-wake condition, the displacement thickness
ometry. For the present problem of flow past a of the viscous layer approaches a finite value even
projectile, the equivalent body geometry must be when the viscous layer thickness approaches in-
established before any viscous flow processes can finity at far downstream locations.
be examined and studied.

The Inviscid Flow Field
The E~uivalent Rody Oce the equivalent body is specified for a

For a transonic flow past a projectile, whose transonic approaching flow Mach number, the in-
typical configuration is shown in Fig. 1, it is ex- viscid flow is established from relaxative finite
pected that after the flow separates from the base, difference calculations of the full potential equa-
usually a turbulent jet mixing process occurs along tion. In fact it follows precisely a procedure de-
the wake boundary. The dividing streamline is thus scribed in the studgf transonic flow past a boat-

'-%" energized, preparing itself for the subsequent re- tailed afterbody. This is briefly discussed
'. compression and reattachment at the end of the near here. At first, a transformation is introducd to

wake. After reattachment, additional compression transform the infinite physical region of concern
of the shear layer occurs in the early part of tne into a finite region of computation. A specific
redevelopment before the pressure field decays finite difference form of the transformed potential
toward that of the free stream. 'lased on tne equation is written which depends upon whether the
displacement concept of the boundary layer, the flow is locally supersonic or locally subsonic. A
equivalent inviscid body boundary would be located row of grid is added below the body surface so that
away from the viscous dividing streamline by a lis- the tangent flow condition on the surface can he
tance of the displacement thickness, *, of the obeyed. When the finite difference equations are
viscous layer above the dividing streamline. TniS written for a)) grid points at a certain stream-
reasoning leads to the specification of the equiv- wise location, a tri-diagonal system of equations
alent body Rb(z) for the present problem by: is obtained. Values of the potential function are

found by solving the system of equations. This new
RbCZ) = 0 for z c 0 (la) information is immediately employed to update the

corresponding value of the grid below the body sur-
Rb(z) Rog + 6 (z) for O ( z ( z T 'Ib) face in satisfying the local boundary conoition.

This procedure is then repeated for the next
Rb(z) = Rcyl + 6*(z) for zT 1 z zr (Ic) stream-wise location. This line-by-line sweeping

* " 6 *2 of the computational plane from upstream toward

Rb(z) sy+ y + 6 b - asy) e ) (le) downstream directions is carried out until the
change in the value of the potential function is

for zG 4 z 4 zR less than an arbitrarily small number for all grid
points throughout the domain of computation. A
convergent solution of the potential function has
been obtained. In the midst of computations of the
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potential function the turbulent boundary layer .4 - . -

growth with prevalent pressure gradient on the body
Surface has also been estimated from an integral _z j

approach. The equivalent body geometry is cor- rd-- -e ,
respondingly modified to account for the displace- r
ment effect of the turbulent boundary layer
growth. Thus the boundary layer thickness, momen- R. o -b

turn thickness and the displacement thickness of theRd
viscous layer at the base are known as soon as the n'
inviscid flowfield is established. _1__ -_ -zUb;

Turbulent Jet Mixing, Recompression, and Reattach- o
*lent

- The integral analysis of these flow processes Fig. 3 Average Base Pressure Defined from

precisely follows the early study of a flow past a the Moruientun Principle

backward facing step.- Only a brief description
of these considerations is given here. Again, an

-. isoenergetic flow condition is assumed throughout
all viscous flow regions.

Immediately behind the base, a turbulent jet variation prior to recompression. Under this con-

- mixing process occurs along the wake boundary. As dition, the shear stress integral in Eq. (3)
one would observe later, the pressure also de- balances with the forward flow momentum, and the
creases significantly along the path of mixing in backward flow momentum is usually negligible. Thus
the transonic regime. Nevertheless, the mixing the base pressure from Eq. (3) would be equal to
process can be treated on Re basis of a quasi- the uniform pressure prevailing within the wake for
constant pressure analysis. At each location, the supersonic flow condition. In transonic flow,
the velocity profile is derived from a constant the pressure variation immediately behind the base
local pressure calculation with the same initial is so severe that the above expression is needed to
boundary layer profile. A linear velocity profile give a more realistic estimation of the average
with the local slope given by base pressure and the base drag.

3u ou e (2a) Recompression essentially follows what has
.e x been developed previusly. At each section the

is assumed. The eddy diffusivity, e, for this re- dimensionless velocity of the flow has a profile of
gion is given by + S4 + (3(1-o 2s)2 + [s-2(1-43)]3

Sxue (2b) ue d a + d-

4a a (4a)where x is the distance along the path of mixing
measured from the origin of mixing, ue is the local

*. free stream velocity and a, the spread rate param- above the dividing streamline, a linear profile of
eter assumes the value of 12 throughout this series u
of study. The turbulent boundary layer at the step 0d = dt (0 4L; 1) (4b)
provides the initial condition, and the dividing e
streamline velocity, the shear layer thicknesses below the dividing streamline for the forward wake
above and below the dividing streamline, as well as flow, and a cosine profile of
the shear stress along the dividing streamline, can
be determined at each section along the mixing re- * = - " - cos -b (0 1) (4c)
gion. This mixing analysis is carried out until e
the section of lowest pressure along the wake is for the back wake flow, where
reached. The flow properties here also provide the
initial conditions for the subsequent recompression ud  ub  r-Rd  r-Rd + 6b
process. d b d d b

Prior to consideration of recompression, an Ue e a (4d)
average base pressure can be determined from the
momentum principle. One observes from Fig. 3 that Cb IF r - R - Rd  6b = Rd - hb ,
the momentum principle, when applied between the b
Dase and section m, the end of the mixing region,
readily yields The slope parameter, s, in Eq. (4a) is linearly

R coupled to * , and the proportional constant is
2 R dP irrdr + 2 evaluated at dthe initial section of the recompres-

PbR 0 o d dm m sion region. This manipulation assures the fact
im (3) that both * and s vanish together at the section.'"lira 6 hta th¢an

T o d2wrdz + f 2wrou 2dr + f h2wrou 
2dr of reattachent. A locally triangular geometry was

0 d 0 0 also assumed for the wake flow so that the wake
where the forward flow momentum is evaluated from centerline, which divides the forward flow from the
the linear mixing profile and the backward flow mo- back flow, shall also pass through the point of re-

a mentum Is evaluated from the reverse flow velocity attachment as it should.
profile for the following recompression process.
An average base pressure ratio, P /P,Jay be A system of five ordinary differential equa-

solved from the above equation. In supersonic ex- tions was obtained to describe the process of re-
ternal flows, there is practically no pressure compression. They are given by

".........................................................
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14 02051

Tne first two equations were obtained from tie con-
tinuity principle for the viscous layers above and
ielow tne dividing streamline, respectively. Toe
next two were the momentum relations for the two 03
layers and the last was derived from the condition
of local triangular wake geometry. Coefficients--:O 9  ZR/O: 9 25
A, 3 (see Ref. (23) for expressions of tiese /Ro:04125
functions) are complicated functions of flow 02
properties and conditions. Equation (5) describes (Zm-ZG/Ro): 168 ]
the variation of the locations of the edge of shear
layer Re; the dividing streamline Rd and its ve- 0.1
locity ud together with the back flow height hb.and
velocity ub throughout the recompression region.
Ce  is the Crocco number of the adjacent free-
stream. The turbulent snear stress along the 03 35 4
dividing streamline, wnich appears in terms G3 and
G4, is evaluated through an eddy diffusivity which (Z-ZG)/Ro
is related to that at the initial section of re-
compression by Fig. 4 Saddle Point Behavior of Recompression Process

c - e armc u Z (6)
em am m w + (i..w)( 3 J - 20) (7)

where 6 refers to the shear layer thickness above w

the dividing streamline, and xr refers to the dis- where Ow is the centerline wake velocity
tance along the recompression region. Perhaps it and ; = r/d ; 6 being the thickness of the viscous
is worthwhile to note that with an integral anal- layer within th region of redevelopment.
ysis for the turbulent mixing and recompression

.r process, only the emperical information of the eddy The continuity equation and the equation of
diffusivity along the dividing streamline is needed motion within the boundary layer formulation are
throughout these regions. 3(pur) + a(pvr) = 0 (a)

From the recompression calculation by az 3r

integrating the system of equations, it was learned 3(pu 2 r) (puvr) - + (Tr)

that the point of reattachment behaves as a saddle- r) + ur) - dp + a(r (8b)
. point singularity for the system of equations de- + 3r dZ ar

%? scribing the flow. For slightly dif- Upon integrating across the viscous layer, Eq. (8)
ferent z values, which, of course, correspond to readily yields
the diferent inviscid flow field, the dividing d 6  d w

streamline velocity would either decrease to neg- E-2(I 2 d "e 2 w = tane
ative values during recompression, before the point e I e e 4 dz e
of reattachment on the centerline of the wake is 6 e e 2 dC
reached, or eventually break away from the trend of ) 13(1 2] e
continuous reduction and start to increase. In the -- e ( -L + 2u c c e  dz' actual calculation, since the establishment of the 2(9a)

inviscid flow field is time consuming, the value 2 1
2 (C e) d6e 2) d

of z was kept fixed, and the saddle point behavior 6 dz_ + (l'Ce dz
is Observed from the fact that slightly different e
initial boundary layer thicknesses before mixing dC 21
would lead to widely different results toward the -

Ce2 (  2 2y-1+ (1 2)1
end of recompression. Figure 4 shows a typical set dz c e : + e e 5

', ' of results of calculations showing the different
-. I trends of the normalized dividing streamline ve-

locity, Od' To keep the computational effort 2
within a reasonable level, one must attempt to + 1-2(1-Ce)I (9b)
reach the point of reattachment through extrapola- e
tion at the end of recompression when the initial
boundary layer thicknesses of two divergent trends

-- are within a small margin, where
1 O. rdI *(1-#)Cd

Redevelopment of Flow 1d1 " Z Z .y;C

At the point of reattachmeni. th% velocity pro- 1-Ce , 1-Ce
file has the shape of * x 3; - 2C according to 3  2 2
Eq. (4a). It is now assumed that throughout the I Jo1  * + 2 2
region of redevelopment, the velucity has the pro- 3 (1-C *2 0)Z 14 " (I -Ce2 2 r "dc
file of e Ce

, .( , .K. . .> . .- ... - C-, i •..W- .2 2 ,d
,', -' ,~~~~~~~~...........-.. .......... ........ -.. .... .. ...... . ..-. . ., . . ..t.w . . ,' -.. ,., . ..- ,'. '; . . , . , .. ,



3 1o
I  3 ') d 1 1-20 + Ce2 2 p dSe/dz

(,C2 ?T o 0 rdC d8e/dZ
e (I-C2 20 ) 1- 2 1

ir =-w l3 2 +2 <I(0) -//
Cee

ie is the Crocco number of the free stream, which
is related to the Mach number Me by

M 20

C 2  e 2e 2 +M 2
() 1 ,T1 e 8e/ RO

a is the streamline angle at the edge of the shear 2- I
lsyer, and all integrals, I through 16, are only ZRD=925
functions of Ce and - . It is to be noted that / m IR0041875
tnis integral analysis is equally valid for laminar
or turbulent flows since the shear stress vanishes B,/Ro=04125

,' ,* ( el/Ro - --

at botn limits of integration. Indeed, the far-
wake condition of

(1 /2 = const (12) o 0 4 5 6 7 8
e"."R R (Z-ZG)/R 0

is satisfied by both laminar or turbulent flows.

It may be shown that the system of equations given Fig. 5 Saddle Point Behavior of Redevelopment Process
by Eq. (9) witn tne assumed velocity profile is
compatible with this condition.

The right-hand side of Eq. (9) contains the error generated from the finite difference computa-
pressure gradient term which is implicitly linked tion of the potential equation may also have
witn the spread of the viscous layer into the al- important influences on this phase of the computa-
ready established inviscid flow region. This tions. Fortunately, an analysis of the asymptotic
situation has already been encountered in the up- wake flow would relate 6* to the total drag ex-
stream recompressive flow described by Eq. (5). perienced by the projecaiYe, and the integration
Iterative solution procedures must be relied upon against two-saddle-point singularities in sequence
at each step of the numerical integration if ac- is conveniently avoided.
curate results are expected.

Asymptotic Wake Flow Condition
It has been learned from this approach of the It is stipulated that under the asymptotic far

" problem that the fully developed flow condition wake flow situation, the approaching free stream
presents itself also as a saddle-point singularity external flow condition is restored. The velocity
of the system of equations describing the flow. profile within the wake still obeys Eq. (7), but
For a fixed Zr but with slightly dif- with (I - * ) as a small quantity., so that higher
ferent 6* values, the redevelopment flow after orders of tis quantity can be ignored. According,. the reatatcnment (after the point of reattachment to the definition of the displacement thicknesshas been obtained from extrapolation) will lead given by

either to positive and ever increasingly 2 *2 6
large d6 e/dz or to smaller and eventually neg- 0. u.(6 e -6 ) 2 10e p ur dr (13)
ative d6 /dz value. Negative d6 /dz also in-
variablye leads to negative do /dz, resulting in a and the drag-momentum relationship for the far wake
reduction of wake centerline elocity. An example flow given by
to illustrate this phenomenon is shown in Fig. 5. 6
Both these behaviors are physically unrealistic and Dt 

= 2w foe pu(u - u)rdr (14)
the correct value of 6* lies in between. This,
of course, is the typiml behavior of a saddle- where Ot is the total drag experienced by the pro-
point. jectile, it may be shown from Eqs. (13) and (14)

that
It is now worthwhile to note that with Zr C C2

and 6* as the characteristic parameters needed to 6 a + 1/2
estabD+h the corresponding inviscid flow, two- (-&a) [-'- --- -- " (15)

4 .,, saddle-point singularities provide two discriminat- 0 1C*
ing criteria for the determination of their correct
values under the given flow conditions. However, where
two-saddle points in sequence is mathematically p V2 2
"unstable", especially when the first saddle point Ct" Dt / 7 R0
can only be determined from extrapolation. Nu- o t
merical consistency for a system of nonlinear The total drag, Ot, is the sum of the form drag,
ordinary differential equations cannot be easily skin friction drag on the forebody, and the base
achieved. For the present problem, the numerical drag on the base.

-
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METHOD OF CALCULATIONS AND RESULTS sure field realized, the reproduced equivalent
,t t t fe obody, and the path of the dividing streamlineWith tne introduction of the relationship within the wake are shown. The reproduced equiv-given oy Eq. (15), calculation procedures become alent body, was obtained by adding the displacementgreatly Simplified. For a given free stream Mach thickness of the viscous layer above the dividingnumber, M , a pair of values of ZR/D streamline onto the path of the dividing stream-

and 5" /T are selected. The potential flow solu- line. However, all these calculations are nottion a r °tnis geometric configuration is sub- necessary if only the information on base drag and
sequently established. After the turoulent jet the total drag are desired. Calculations have beenmixing process nemina tne base has been analyzed, carried out for all the transonic Mach numbersthe total drag coefficient can be evaluated, and where wind turffl pressure data on this projectile
the 63' /R os im-eciately adjusted according to are available. The unit Reynolds number employedEq. Since tne effect of 6' /R on thie total was also compatible With he wind tunnel test con-drag is very ninor, the corrects1a2e of 6- /R dition (Rey/ft 4 x 10). Figure 8 shows thecan be letermined usually within as nr~e pressure distribution on the equivalent brdy alongiterations. 2nte 'his condition is satisfied, vis- with the experimental data on the forebody. The
Cous recomoress s zan be determined by integrating corresponding average base pressure coefficient andthe system of Ei. 15). The dimensionless dividing the base pressure ratio are also labeled in thestreamline velocity will either oe reduced to a figures. Under some subsonic Mach number con-negative value before the centerline is reached or ditions, the agreement of pressure with the data on.ill breaK away from the continuous pattern of re- the cylinder is less desirable, although it has noiuction and start to increase--tne saddle point be- influence on the forebody form drag evaluation.navior. Tnis pnenomenum Jeriands the adjustment of The base pressure ratio obtained from this study is
Z, value accordingly. Tnce this adjustment is shown in Fig. 9. Various drag coefficients and thewitnin a small nargin ',z / 0.1025 for the total drag coefficient for the transonic Mach
present series of calculationWi, tne sOlution is numbers are presented in Fig. 10.
reacned even if tne detailed wake flow pattern has
not yet been satisfactorily established. it is en-
tirely possiole to continue these detailed calcula- DISCUSSION
tions including tne redevelopment after reattacK-
ment. Early results obtained from sucn efforts 2 7  

It should be noted that the method developedare shown in Figs. 6 and 7, wnere tne overall pres- for this study should also be applicable for
smaller free stream subsonic Mach number flows, in-
cluding incompressible flow condition, and also for
larger supersonic free stream Mach numbers.
Computations of these cases have been carried out
and the results are also reported in Figs. 9 and
10. Although the correctness of the base pressure
ratio for M > 1.3 is doubtful since isentropic

- shocks have occurred, previous results
of P b/P = 0.7625 at M = 1.5 on supersonic flow""l past an axisymmetric backward facing step with
comparable initial boundary layer thickness seemse-- to imply that these results are not completely un-S32 . ereasonable.

No computations have been carried out for the
P--- rt :f\I Rerange of 0.98 < M < 1.08. In fact, additional

re. under-relaxation l;ave been applied for the poten-• .1 
tial flow calculations at M = 0.98. Also, thecalculations for the potential flow have been mod-

Z ified from the original scheme25 for the supersonic
9 0 approaching flows. Although it seems from Figs. 9

V , - ZR/:95, 6./R 0 O325

-32 C ~ SOCP-6 RerdcdEi By

Detaile Evalutions eprue d Equivl Body

'.-0 3. 325.Z /D g . o / o 0 2

-.... 0 E C D - . ,:' !. --

.-'.*. ,, .-O.41. R"'"-24 Pb/PIZ =C92) ' ZZ G

, ' ,jFig, 6 Pressure Uistribution Realized from Fig. 7 Dividi ng Streamline, Viscous Wake, and".- Detailed Evaluations Reproduced Equivalent Body

%
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- and 10, that the results are more or less bracketed
% for the range of 0.98 < M, < 1.08, it is by no

means a simple matter to carry out these calcula- 08 10 2 4 15 V:

tions. At the least, additional under-relaxations
must be applied to obtain a convergent solution for Fig. 10 Drag Coefficient within Transonic Regime
the potential flow within this range of the Mach
number. A considerably greater amount of computer
time is also needed for these occasions.

It is obvious from this scheme of computations mechanisms of viscid and inviscid flows are so
that the overall pressure field is produced from interwoven that they all play important roles in
the characteristic parameters ZR the establishment of the solution. With an in-
and 6-* While 6'. Is directly related to the tegral analysis of the viscous flows, the important
totalaVag experilrkJed by the body, and ZR is de- flow features are brought forth clearly so that in-
termined from the recompression of the free turbu- fluences of different flow components and flow
lent shear layer which is nevertheless guided by mechanisms can be easily identified and ap-
the already established Inviscid flow. The flow preciated.
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Base Pressure of a Projectile Within the
'Transonic Flight Regime

W. L. Chow*
University of Illinois at Urbana-Champaign, Urbana, Illinois

An equivalent body concept is developed to examine the base pressure problem of a transonic flow past a
blunt-based projectile. The inviscid flow is established by finite difference computations of the axisyrmmetric
potential equation. All viscous flow processes are treated through integral formulations. The strong viscid-
inviscid interaction is clearly illustrated from the method of approach to the problem. A definition of the base
pressure that is compatible with that for the supersonic flow regime has been developed for the transonic flow
regime. An anasis of the asymptotic far-wake condition relates a needed parameter to the total drag ex-
perienced by the projectile. Results are obtained for transonic (both subsonic and supersonic) approaching flow
conditions and are also compared with the available experimental data. Extension to cases with small angles of
incidence is also discussed.

Nomenclature p = density
T = shear stressA,, .....G, coffiien fuctids? = dimensionless velocity, u/u,

D_,C,, = total drag force, total drag coefficient of the
projectile Subscrpts

h = height of reverse flow asy = far-wake condition

-' P = pressure b = reverse flow
.J ", Rr, = equivalent body radius for inviscid flow cyl = cylinder:.:analysis d = dividing streamline

R, = radial coordinate of the dividing streamline e = edge of the viscous layer
R,= radial location of the edge of the viscous G = projectile base (see Fig. 2)

layer M = end of the mixing region (also, beginning

R= base radius of the projectile of recompression region)
, s =velocity slope parameter for the recom- og =ogive

-% pression region (see Eq. (4a)] R = point of reattachment
J. u, V = ve!ocity component in z, r coordinate system w = wake flow in the region of flow

x = z coordinates for the jet mixing process redevelopment
whose origin is located at the base 00 = approaching flow condition

zr = cylindrical coordinates
ZR = z location where the equivalent body radius

reaches ,,y
6. = displacement thickness of the shear layer Introduction
6, = thickness of the viscous layer above the fE ESPITE the prevailing popularity of solving fluid

dividing sti.imline in the mixing and DJdynamic problems through large-scale numerical
recompression regions, = R, - Rd computations of the Navier-Stokes equation, study of the

6, = thickness of the forward-flowing viscous base pressure problem from the conventional approach
layer below the dividing streamline in the provides a unique opportunity to illustrate vividly the flow
mixing and recompression regions, mechanisms governing the phenomenon of these problems. It
Rd - hh is well ktnown that the viscous flow plays a role as important

6, = thickness of viscous layer in the as the external inviscid flow in the establishment of the overall
Sredevelopment region flow pattern. This feature has been classified as a strong

, = eddy diffusivity along the dividing streamline viscid-inviscid interaction. Since the viscous flow is always
= dimensionless radial coordinate for the shear located along the edge of the inviscid flow region, the viscous

layer above the dividing streamline, flow is thus guided by the inviscid flow in the sense of the
(r-Rd)/6, boundary-layer concept. On the other hand, in direct

= dimensional radial coordinate for the reverse association with the inviscid flowfield, the geometry of the
flow region, r/hh wake as well as the pressure level and distribution within the

= dimensional radial coordinate for the for- wake are dependent upon the viscous flow processes of jet
ward flowing shear layer below the dividing mixing, recompression, reattachment, and redevelopment
streamline, (r-Rd + )/1, behind the base. This mutual dependency between the inviscid

and viscous flows was pointed out by Crocco and Lees.'
," _Much work on base pressure has been carried out since that

Received Nov. 14, 1983; presented as Paper 84-0230 at the AIAA time.2'6 It should be noted that all of these investigations
S *., 22nd Aerospace Sciences Meeting, Reno, Nev.. Jan. 9-12. 1984

evision received March 26. 1984. Copyright ( American Institute of were restricted to problems with supersonic external streams.

Aeronautics and Astronautics, Inc., 1984. All rights reserved. Other than the limited few exceptions,"-" none of these
' Professor of Mechanical Fnginecri,,w. Oenartment of Mechanical analyses considered the process of redevelopment after

and ,Id irid Fnf', ri,,r A . . AIAA. reattachment.
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In a more detailed examination of the recompression- reattachment, additional compression of the shear layer
reattachment process of a turbulent free shear layer, t4 it was occurs in the early part of the redevelopment before the
learned that this same integral analysis can be applied to study pressure field decays toward that of the freestream. Based on
the base pressure problems in any other flow regime. An the displacement concept of the boundary layer, the
examination of base pressure problems of incompressible equivalent inviscid body boundary would be located away
wedge flow was later carried out. "' The elliptic inviscid flow from the viscous dividing streamline by a distance of the
is established from conformal mapping. The viscous flow was displacement thickness 6" of the viscous layer above the
guided by the established inviscid flow, while the charac- dividing streamline. This reasoning leads to the specification
teristic parameters describing the ittviscid flow were deter- of the equivalent body Rt, (z) for the present problem by
mined fror: viscous flow processes. This analysis also led to
the study of the base pressure problem for the transonic flow Rt, (z) =0 for z<sO (Ia)
past a backward-facing step in the two-dimensional and
axisymmetric configurations. :0 2' Indeed, since the pressure =Rog + 6 (z) for O<sz<sz r (Ib)
field is established from the inviscid flow, it would be ap-
propriate to simulate the pressure field on the basis of an = RCY + 60 (z) for ZrTZ<_z, (I c)
'equivalent body." The solution of the transonic inviscid
flow was established from the finite difference computations = 6.,y + (Rl + b, - 6;,5 ,)e ( -2A2  for zG -<Z-ZR
of the potential equation. It was learned that the point of
reattachment behaved as a saddle-point singularity of the (I d)
system of equations describing the isoenergetic viscous flow where 1= (Z ZG)/(ZR -_Z),
recompression. Furthermore. the pressure at the step cannot
be taken as the base pressure within the transonic flow regime. Rb (Z) = sy for ZR :SZ (le)
It is obvious that the step pressure coefficient increases
toward zero as the freestream Mach number increases toward The schematic sketch of the equivalent body of projectile is
unity; meanwhile, the base pressure coefficient decreases shown in Fig. 2. It will be recognized that the parameters
toward more negative values. It was also learned that studies characterizing the equivalent body geometry are ZR and 6:,y
carried out up to this point constituted only the first ap- for this specific projectile. It is also worthwhile to note that A
proximation to the problem since the resulting equivalent varies from zero to unity when z is between points G and R
body established from the viscous flow analysis was not yet and the second power employed in Eq. (Id) assures the slope
compatible with the equivalent body selected to establish the continuity of the profile at the base. Futhermore, it can be
iniscid flow. shown that under the far-wake condition, the displacement

Additional studies have been carried out on the transonic thickness of the viscous layer approaches a finite value even
base pressure problem. Specifically the base pressure of a six- when the viscous layer thickness approaches infinity at far
caliber secant-ogive-cylinder projectile immersed in a tran- downstream locations.
sonic flow has been examined. The flow condition on the
forebody, including the attached turbulent boundary together
with the processes of mixing, recompression, reattachment, The lnvidFlofield

and redevelopment behind the base, must be included in the Once the equivalent body is specified for a transonic ap-
cotsiderations. It will be shown that the equivalent body for proach flow Mach number, the inviscid flow is established
this problem can be described with two characteristic from relaxative finite difference calculations of the full
parameters. It will also be demonstrated that the point of potential equation. In fact, it follows precisely a procedure
reattachment is a saddle-point singularity for the system of described in the study of transonic flow past a boattailed
equations describing the viscous flow recompression. Con- afterbody. 14 .15 That procedure is discussed briefly herein. At
tinued computation after reattachment will reveal that the first, a transformation is introduced to transform the infinite
fully developed wake flow state is also a saddle-point physical region of concern into a finite region of com-
singularity of the system of cq:iations describing the viscous putation. A specific finite difference form of the transformed
flow redevelopment. However, with additional analysis of the potential equation is written which'depends upon whether the
asymptotic state of fully developed flow, one parameter can flow is locally supersonic or subsonic. A row of grid points is
be directly related to the total drag of the body, and the added below the body surface so that the tangent flow con-
problem can be reduced to a problem of Reynolds number dition on the surface can be obeyed. When the finite dif-
matching from the analysis of recompression. Extension to ference equations are written for all grid points at a certain
the case of flow with a small angle of attack will also be streamwise location, a tridiagonal system of equations is
suggested and discussed, obtained. Values of the potential function are found by

solving the system of equations. This new information is
immediately employed to update the corresponding value of

Analytical Considerations the grid below the body surface in satisfying the local
For external flow past a body, the surface pressure boundary condition. This procedure is then repeated for the

distribution is the item of utmost concern which supplies the next streamwise location. This line-by-line sweeping of the
basic information for the lift-drag calculations. Inasmuch as computational plane from upstream toward downstream
the boundary-layer concept is applicable, the pressure directions is carried out until the change in the value of the

* distribution is determined entirely from the inviscid flow potential function is less than an arbitrarily small number for
geometry. For the present problem of flow past a projectile, all grid points throughout the domain of computation. A
the equivalent body geometry must be established before any convergent solution of the potential function is obtained. In
viscous flow processes can be examined and studied. the midst of computations of the potential function, the

turbulent boundary-layer growth with the prevalent pressure
The Equivalent Body gradient on the body surface has also been estimated from an

For transonic flow past a projectile, whose typical con- integral approach. The equivalent body geometry is
figuration is shown in Fig. I, it is expected that after the flow correspondingly modified to account for the displacementseparates from the base, usually a turbulent jet mixing process effect of this turbulent boundary-layer growth. Thus the

occurs along the wake boundary. The dividing streamline is boundary-layer, momentum, and displacement thicknesses of
thus energied. preparing itself for the subsequent recom- the viscous layer at the base are known as soon as the inviscid
pression anid reittachment at the end of the near wake. After flowfield is estahliched.
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rurbulent Jet Mixing. Recompression, and Reattachment supersonic external flows, there is practically no pressure
The integral analysis of these flow processes precisely variation prior to recompression. Under this condition, the

follows the early study of a flow past a backward-facing shear stress integral in Eq. (3) balances with the forward flow
- step.2 J Only a brief description of these considerations is momentum, and the backward flow momentum is usually

given here. Again, an isoenergetic flow condition is assumed negligible. Thus, the base pressure from Eq. (3) would be
throughout all viscous flow regions. equal to the uniform pressure prevailing within the wake for

Immediately behind the base, a turbulent jet mixing process the supersonic flow condition. In transonic flow, the pressure
occurs along the jet boundary. As one will observe later, the variation immediately behind the base is so severe that the
pressure also decreases significantly along the path of mixing above expression is needed to give a more realistic estimation
in the transonic regime. Nevertheless, the mixing process can of the average base pressure and basedrag.
be treated on the basis of a quasi-constant pressure analysis.26  Recompression essentially follows that which has been
At each location, the velocity profile is derived from a local developed previously. 3 At each section the dimensionless
constant pressure calculation with the same intial boundary- velocity of the flow has a profile of
layer profile. A linear velocity profile with the local slope

. given by O=U/u=Od+S o+ (3 (1-0d) -2s)

, -au - ou, (2 )+ [S - 2 ( I--0d)]M ' O <:5 l (4a

ar r"Tx above the dividing streamline, a linear profile of

is assumed, which is the inflection-point slope of an error-function mixing profile. The eddy diffusivity e for this region O=u/u, =Oadr 0!_ rf!< I (4b)

is given by below the dividing streamline for the forward wake flow, and

(I--b a cosine profile of'.-.e = (11/40 )XU, (2b)

where x is the distance along the path of mixing measured 0=ufu,= -- bcos(i/ 2 )b O bsI,0_ _ (4c)

. from the origin of mixing. u, the local freestream velocity,
*"- and o. the spread-rate parameter for the turbulent mixing for the reverse wake flow, where

process, assumes the value of 12 throughout this series of Ud L=b r-Rd r-Rd+ b
study. The turbulent boundary layer at the step provides the Od = - , =
initial condition. The dividing streamline velocity, the shear U, U, = . = b
layer thicknesses above and below the dividing streamline, as r
well as the shear stress along the dividing streamline can be = -, 6= R, - Rd, 6, =Rd- hb (4d)
determined at each section along the mixing region. This hb
mixing analysis is carried out until the section of lowest The slope parameter s in Eq. (4a) is linearly coupled to 0,
pressure along the wake is reached. The flow properties here and the proportional constant is evaluated at the initial
also provide the initial conditions for the subsequent section of the recompression region. This manipulation
recompression process. assures the fact that both 'd and s vanish together at the

Prior to consideration of recompression, an average base section of reattachment. A locally triangular geometry is also
pressure can be determined from the momentum principle, assumed for the wake flow so that the wake centerline which
One observes from Fig. 3 that the momentum principle, when divides the forward and reverse flow also shall pass through
applied between the base and section m, the end of the mixing the point of reattachment as it should.
region, readily yields A system of five ordinary differential equations is obtained

to describe the process of recompression. They are given byp, iR1 = iR Pd21rrdr+r',P
A iR d mdR dRd d~d dh6  d., 6  F dC,

, - ., . -d -A + B , -'R + C - + D , - ' + E i + .4 G ,
I~ ~ dz dz dz cdz 'dz 'dz

- -- d27rrd+ 'b 2wrpu2dr+ h 2dr (3) i= l0 .....pu 5 (5)

where the forward flow momentum is evaluated from the A

linear mixing profile and the backward flow momentum is G
evaluated from the reverse flow velocity profile for the_ *

following recompression process. An average base pressure
ratio. P6 1P,., may be solved from the above equation. In

R SOC Z,

" 0. Fill. 2 Equivalent body configuration.
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The first two equations are obtained from the continuity The continuity equation and the equation of motion under
principle for the viscous layers above and below the dividing the boundary-layer formulation are
streamline, respectively. The next two were the momentum
relations for the two layers, and the last was derived from the a(pur) a (pvr)+__ =0 (9a)
condition of local triangular wake geometry. Coefficients A,, + + r

B ...... G, (see Ref. 23 for expressions of these functions) are

complicated functions of flow properties and conditions. 8(pu2r) 3(Puvr) dp 3(rr)
Equation (5) describes the variation of the locations of the + = -r- + - (9b)
edge of shear layer R,, the dividing streamline Rd, and its az ar dz ar
velocity Ud, together with the reverse flow height h, and
velocity ub throughout the recompression region. C, is the Upon integrating across the viscous layer, Eqs. (9) readily

Crocco number of the adjacent freestream which is related to yield

the Mach number M, by d6 do.
1~ ~ ~ d -2--C")1 (!- C) 6,14 d

2  +(6) dz dz

(21(-j- ) 1+ ,'Lan , \ 1( - C13'-I)+ ,6,(- C)W
The turbulent shear stress along the dividing streamline, t' [ dc

which appears in terms G3 and G4 , is evaluated through an (10a)

eddy dif usivity which is related to that at the initial section of
recompression by 212 (I-C ) d6. d .

___ = + (I-C") -,

. U(, )lm+X,\ (7) 6- d d1
U am )kf , [" ( _ t)7 + 2C,* (- C,')

where 6., refers to the shear layer thickness above the dividing I
streamline, and x, refers to the distance along the recom- + - (/-2(l-C2) 1) (10b)
pression region. Perhaps it is worthwhile to note that with an 2C,
integral analysis for the turbulent mixing and recompression
process, only the empirical information of the eddy diffusivity where
along the dividing streamline is needed throughout these
regions. t = d 12 = 0(1

The right-hand side of Eq. (5) contains the pressure J 1- Ce2 2' I -'0

gradient term which is implicitly linked with the spread of the
viscous layer into the already established inviscid flow region. 1 " 1 0 "'' I + C0 2

Iterative solution procedures must be relied upon at each step Is=Jo (i- C 2 2
)2 ' 0 Jo (1-C00) 1

of the numerical integration if accurate results are expected.
It was learned from the recompression calculation that by " __(/-,)__d_ + q-22+C 

2 
r

integrating the system of equations, the point of reattachment 0 =)o J - C 2 )
behaves as a saddle-point singularity for the system of ( C

equations describing the flow. For slightly different zR values,
which, of course, correspond to different inviscid flowfields, I a = 1 -31 +2" (ii)
the dividing streamline velocity would either decrease to ao.
negative values during recompression, before the point of
reattachment on the centerline of the wake is reach'ed, or I0, is the streamline angle at the edge of the shear layer and all
eventually break away from the trend of continuous reduction integrals, I, through 16, are only functions of C, and 0.. It is
and start to increase. In the actual calculation, since the to be noted that this integral analysis is equally valid for
establishment of the inviscid flowfield is time consuming, the laminar or turbulent flows since the shear stress vanishes at
value of ZR was kept fixed, and the saddle-point behavior is both limits of integration. Indeed, the far-wake condition of
observed from the fact that slightly different initial boundary-
layer thicknesses before mixing would lead to widely different 6, (I- ,) '  const (12)
results toward the end of recompression. Figure 4 shows a
typcial set of results of calculations showing the different is satisfied by either laminar or turbulent flow. It may be
trends of the normalized dividing streamline velocity, Od. To shown that the system of equations given by Eqs. (10) with the
keep the computational effort within a reasonable level, one assumed velocity profile is compatible with this condition.
must attempt to reach the point of reattachment through It has been learned from this approach of the problem that
extrapolation at the end of recompression when the initial the fully developed flow condition also presents itself as a
boundary-layer thicknesses of two divergent trends are within saddle-point singularity of the system of equations describing
a small margin. the flow. For a fixed ZR but with slightly different 6:,y values,
R o' the redevelopment flow after the reattachment (after the point
Redlevelopment of Flow of reattachment has been obtained from extrapolation) will

At the point of reattachment, the velocity profile has the lead either to positive and ever increasingly large db,/dz or to
shape of 0=3C2 -2 according to Eq. (4a). It is now a smaller and eventually negative d6,/dz value. Negative
assumed that throughout the region of redqvelopment, the db,/dz also invariably leads to negative d6,/dz, resulting in a
velocity has the profile reduction of wake centerline velocity. Art example illustrating

this phenomenon is shown in Fig. 5. Both of these behaviors
o = 0, + (I -0,) (3 " -2r') (8) are physically unrealistic and the correct value of 6*,y lies in

between. This, of course, is the typical behavior of a saddle
where -,. !s (ihe centerline wake velocity and '= r16,. 6,, is the point.
thickness of the viwcous layer within the region of redevelop- It is now worthwhile to note that with ZR and 6,*,, as the

charn ' . ., eter .o.. I ., . ' i rre,;pond-

'.,-'A
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05-
8 iR. where D, is the total drag experienced by the projectile, it may

M6 .Q9 be shown from Eqs. (13) and (14) that'" I /z,,,o,9,25
1 qp/Ro,041875

[LD, I+ C2,(15)

41 { ,- 4/% Q4125 where

R R (Z-Z )/R0  C D,= D, / --- - rl,0

Fig. 5 Saddle-point behavior of redevelopment process.

The total drag D, is the sum of the form drag, skin friction
ing inviscid flow, two saddle-point singularities provide two drag on the forebody,and the base drag on the base.
discriminating criteria for the determination of their correct Method of Calculations and Results
values under the given flow conditions. However, two saddle
points in sequence are mathematically "unstable," especially With the introduction of the relationship given by Eq. (15),
when the first saddle point can only be determined from calculation procedures become greatly simplified. For a given
extrapolation. Numerical consistency for systems of nonlinear freestream Mach number M_, a pair of values of ZR ID and
ordinary differential equations cannot be achieved easily. For 56,,/R 0 is selected. The potential flow solution for this
the present problem, the numerical error generated from the geometric configuration is established subsequently. After the
finite difference computation of the potential equation may turbulent jet mixing process behind the base has been
also have important influences on this phase of the com- analyzed, the total drag coefficient can be evaluated, and
putations. Fortunately, an analysis of the asymptotic wake 65,,/Ro is immediately adjusted according to Eq. (15). Since
flow would relate 6

t,,, to the total drag experienced by the the effect of 6, ,/Ro on the total drag is minor, the correct
projectile, and the integration against two-saddle-point value of 6:,Y/Ro can be determined usually within three
singularities in sequence is conveniently avoided, iterations. Once this condition is satisfied, viscous recom-

pression can be determined by integrating the system of Eq.
Asymptotic Wake Flow Condition (5). The dimensionless dividing streamline velocity will either

It is stipulated that under the asymptotic far-wake flow be reduced to a negative value before the centerline is reached
- situation, the approaching freestream external flow condition or will break away from the continuous pattern of reduction

is restored. The velocity profile within the wake still obeys Eq. and start to increase-the saddle-point behavior. This
(8), but with (I - 0) as a small quantity, so that higher phenomenon demands the adjustment of the z1/D value
orders of this quantity can be ignored. According to the accordingly. Once this adjustment is within a small margin
definition of the displacement thickness given by (AzRIDsO.0025 for the present series of calculations), the

solution is reached even if the detailed wake flow pattern has
pu ( -* " ~not yet been satisfactorily established. It is entirely possible to

P. o.u,. (602,- ,,Y)=2 0 purdr (13) continue these detailed calculations including the
..-0 redevelopment after reattachment. Early results obtained

and the drag-momentum relationship for the far-wake flow from such efforts2 are shown in Figs. 6 and 7 where the

given by realized pressure field, the reproduced equivalent body, and
the path of the dividing streamline are shown. The reproduced

n. PTi(ti- - i)rdr (14) equivalent body was obtained by addine the displacementP .-- 2 r t~u lt_ ,t~ dr 14) h; l ,- . , ... ; ,.... ' : hv triamm iin
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onto the path of the dividing streamline. However, all of these average base pressure coefficient and the base pressure ratio
* calculations are not necessary if only the information on base are also labeled in the figures. Under some subsonic Mach

and total drag is desired. Calculations have, been carried out number conditions, the agreement of pressure with the data
for all of the transonic Mach numbers where wind tunnel on the cylinder is less desirable although it has no influence on

* pressure data on this projectile are available. 2 ' The unit the forebody form drag evaluation. The base pressure ratio
Reynolds number employed was also compatible with the obtained from this study is shown in Fig. 9. Various drag
wkind tunnel test condition (Rey/fz=4 x 106). Figure 8 shows coefficients and the total drag coefficient for the transonic
the pressure distribution on the equivalent body along with Mach numbers are presented in Fig. 10.
the experimental d~nta on the forebody. The corresponding

Discussion
Ya,=09, Z,/D:95, 8:R=35It should be noted that the method developed for this study

0 erdue qi ody 2 should also be applicable for smaller freestream subsonic
* ... 0Repoducd Eu' odyMach number flows, including the incompressible flow

Eq condition and also for larger supersonic freestreamn Mach
8eS,Re Equ' Body numbers. Computations of these cases have been carried out

and the results are also reported in Figs. 9 and 10. Although
Ro R, the correctness of the base pressure ratio for M. > 1.3 is

doubtful since entropy increases from shocks may no longer
G I 2 3 4 5 ~7 I be negligible, previous results Of Pb/P-.=.65a 0  .

Pint of Reo ZR-. on supersonic flow past an axisymmetric backward-facing
Fig. 7 Dividing streamline, viscous wake, and reproduced equivalent step20 with comparable initial boundary-layer thickness seems
body, to imply that these results are not completely unreasonable.
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P,/P, bulent mixing flows. In fact, the value of a is 12 for in-
Icompressible flow, and its value tends to increase slightly %%ith

SOCP-6 the Mach number. Perhaps more accurate evaluation of this_ oL o Points Calculated

0 t cl mxing process can be obained from the two-equation tur-
bulence modeling. It is believed, however, that the present

C69 - simplified scheme will yield a fairly reasonable estimation of
* othis process of turbulent transport. A more precise estimation

can be included into the analysis in the future if it is proved
necessary.

The computing time required fcr a complete calculation of
the case of M, =0.9 is around 5 mitt on the Cyber 175

i I I I computer system. The required memory space in 21K for the
A04 O. a8 to L2 L4 11) computing program arid 71K for its execution.

Fig. 9 Average base pressure within the transonic regime. Extension to Flows with Small Angles of Incidence

4The study carried out thus far is for axisvmmetric con-
, Co,, Co, c0, figurations; thereby the flow must be at the condition of zero

co, angle of attack.
When the angle of attack is not zero, the flow problems

CD, become three-dimensional. Even under the situation of a
01- 0 / -3 small angle of attack, the flow condition is so complicated

cthat an accurate study can be based only on large-scale three-'I dimensional computations. Since the present analysis was
0 " 08-- Q8 ,.. / based on an equivalent body concept, one may assume that

Cob the effect of the small angle of attack to the viscous flow
processes is small under this situatio. Essentially, it is to

I on the equivalent inviscid body which is already established
~-. 14 1for the case of zero angle of attack. It is hoped that an inviscid

cobr study of the flow past this equivalent body 3 under a small
angle of incidence would yield a crude estimation of the base

._-002- Coc ii pressure for these flow conditions. The merit of such a
speculation can be evaluated only when experimental data of
this nature become abundantly available.
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- Long Beach,Calif JSTRACT" In the transonic flow regime, the external in-
viscid flow is governed by elliptic differential

The base pressure problem for a transonic flow equations. Since the viscous flow always appears

Past a blunt trailing edged projectile was con- along the edge of the inviscid flow, where tfe

tinued on the basis of an equivalent Oody dO- boundary layer concept is usually applicable, it is

Droach. Specifically, the effect of ooattailing on natural to expect that the pressure feld is in-

te foreoocy Pressure Oistribution and the Odase duced from an "equivalent body" whose geometry be-

Pressu~re was exam'ned. 4ithin tme limited range of nind the olunt base must be determined from viscouS... =rss~e ws eamied alhlnt~ellmteorane flo!w considerations. Indeed this oas the oas!c
small boattall angles, it was observed that the re- C
auction of the oase drag outweighed the additonal scheme 'ntroduced to Study the base pressure

d-ag incurred an the boattail indicating its favor- proolem n the transonic flow past a projectile
- .

Iole interference. [t was recognized that lore Tme inviscid flow was established from numerical

:recise simulatIon of turbulence was needed before computation of the axisymmetric potential equation,
.J more accurate evaluation on the optimum ooatta 1  ami'e t:he viscous flow processes behind the base,

configuration could be carried out. Computations sucm as turbulent jet mixing, recompression, re-

for two freestream Macl numbers (M - 0.9 and .2) attachment, and redevelopment were treated From

were performed for different ooattall Angles. Com- 4ntigra formulations. The turbulent boundary
oarison with the experimental data is presented Ayer on the projectile was also calculated from an

wnenever available. Reasonably good agreement in Integral approach whose displacement effect was

the pressure distribution on the forebody was o- a so incororated into the equivalent body geome-
try. 0n the basis of these integral formulations,

Sserve. a crude lescriotion of the turbulent transport

across the dividing streamline behind the base was
INTRODUCTION possible oy specifying merely a spread rate param-

eter of the viscous flow for the mixing region and

:t is well known that the base pressure by an additional empirical correlation of the eddy
problem provides a typical example of strong ciffusivity throughout the recompression region.

viscid-inviscid interaction. Both viscous and in- However, no empirical information on turbulent

viscid flows exert Such strong influences on eacn transoort was needed for the process of flow re-
ao develooment after reattachment. In fact, the flow.. otner that solutions cannot be Obtained without

SSiuitaneous consideration of both inviscid and redevelopment formulated therein was equally ao-

viscous Flow mechanisms. Since this special plicable for laminar flow process.

feature of sepaated flows was pointed out by It was also precisely for the reason of inte-
^rocco and Lees , a tremendous amount of base oraI wa ionso p he fo tht te

pressure research was carried out in the supersonic al formulation of the viscous flows that the

flow regime. While the "critical pqinqt approjc equivalent body behind the base be conveniently

was later pursued by Lees, et al.1J
, Korst specified with two characteristic parameters. The

introduced the "component" approach by dividing the special feature of the strong viscid-inviscid
flow events behind the base into interaction of the problem was then manifested by

f n n athe fact that the viscous flow attaches itself to
I. Supersonic flow expansion around the the established inviscid flow in the sense of the

corner, boundary layer concept where the adjacent free-
stream condition of the viscous layer depends upon

ii. Constant pressure turbulent jet mixing, the spread of the viscous layer, while the param-
eters required to stablish the inviscid flow are
to be determined t rom viscous flow consider-ill. Recompression, reattachment and,atos'Z ations.

iv. Redevelopment of the flow after reattach-
It was later found, within the scope of such a

simple scheme of dealing with such problems, that

Each Component was delineated and analyzed, and a the point of reattachment (point of confluence) be-....- ~h cmpoentwas elieate an anlyze, ad a hind the base is a Saddle-point singularity for tne

solution was reached by synthesizing treatments of hidte bs is de-pint sigu for te
esesystem of equations describing the viscous flow re-

forts, fl were initiated a gothese lines, compression. Furthermore, upon obtaining the point
fots e. . were irie d along nthese not of reattachment through extrapolation after suffi-
Theeedfos h ere ri fy dbesointed Ocient narrowing down of the margin of a certainreviewed here. It Should be pointed out, however, descriptive parameter for integration, it was found

that separated flow problems are elliptic in nature dsrtie parmee or integr at i as feven though the external inviscid supersonic flow tnat the fully redeveloped flow state is also a
esvern e byough thyerbolic Suffpren rseuton flow saddle-point singularity of the system of equationss governed by hyperbolic differen ilequations.

*"" Other than the limited few efforts 13 a the describing the viscous flow redevelopment after re-

foregoing Studies did not consider the process of attachment. Although two discriminative criteria
af-.oegoi tesosier eare adequate 'for determining the two parameters

redevelopment after reattachment. needed to establish the Inviscid flow, two saddle-

NN
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point singularities In sequence do not allow con-I IR SOCBT
sistent numerical computations of the flow. ! , 6- 1• 017 -:2.0 ----

Fortunately, later investigations on the a- T .
symptotic far-waKe flow condition revealed that one G

of the characteristic parameters may be related to D z
the total drag experienced by the projectile. Thus
only one additionad ;arameter was needed and was
Cetermined through the saddle-point integration
toward reattachment after the turbulent jet.LtO da
iixing. The ase pressure and the base drag can be

determined without the detailed establisnment of, 1888 R
flow redevelopment other than the far-wake flow \.
condition. It should be emphasized that the 4584
pressure above the blunt base prior to separation
cannot be treated as the base pressure in the
transonic flow regime. Even witn a local subsonic
flow there, the pressure reduction along the di- Figure I A 6-Caliber Secant-Ogive-Cylinder
viding streamline immediately behind the base is so Projectile with Soattail.
severe that a reasonanly accurate estimation of the
'ase drag and tne average base pressure can be de- (Z tan a

W termined only from the scheme suggested in that Rb(Z) Rcy - z Q) t s (z)
study. study, for zQ s z s zG •ad

Computations have been carried out mainly for G (1d)

the transonic Mach number range of 0.9 to 0.98 and Rb(Z) a sy + (R "
1.08 to 1.2 for a six-caliber secant-ogive-cylinder asy G + asy).

projectile. The surface pressure distribution on sa + A2
the projectile obtained from computa l~ns have been exp ( " - ) for zG S z s zR (le)
compared with the experimental dataY within this

range of the Mach number. Good agreement was oo- where
served. Although in principle, computations of the
flow within the Mach number range of 0.99 to 1.08 a - (Z - ZG)/(ZR - ZG)
can be performed, it was not carried out simply for
the reason that much more computer time would be and

. needed. In addition there was no experimental data R - G)
available for this projectile within this range for R6 + ai - 6s
comparison purpose. However, computation was ex- asy
tended to low subsonic Mach number (M - 0.3) and R for zR  z (if)
high transonic Mach number (M - 1.5) without en- b(Z) asy R
countering any difficulty. All results oained A schematic sketch of an equivalent body is
from that investigation were already reported . shown in Fig. 2. a* represents the displacement

T s d n e fthickness of the turbulent boundary layer on the
The present study examines the effect of boat- projectile. It should e noted that z and ;*

tailing of the same projectile from the same basic are the two parameters characterizing te geom
approach. It was recognized that only the geometry of this body behind the projectile. Also a varies
of the equivalent body needs to be modified. Once from zero to unity Detween points G and R, and the
this was accomplished, the previous Study became a slope parameter s is inserted into the exponential
special case of zero-degree boattail. However in term so that the equivalent body has a continuous
order to discuss the problem in a more satisfactory slope at point G. The small slope modification due
manner for the present investigation, some of the to the change of the displacement thickness of the
important descriptions of this scheme are again boundary layer at the base was ignored. Obviously,
presented in reasonable detail in the following this formulation is equally applicable to cases of
sections. conical Flare (negative boattail).

-~J. Once the equivalent body was specified by se-

ANALYTICAL CONSIDERATIONS lecting the two parameters ZR and 6* for a parti-
n cd lcular transonic approachingflow M&AYn number, the[nviscid Flow ,. ...

The present study is directed to the boat-
tailed configuration of the six-caliber secant- R
ogive cylinder projectile shown in Fig. 1. To pro- T
duce the pressure field from an inviscid flow con- R
sideration, one may describe the equivalent body sly
geometry for this projectile by: ,R" , R,-_

Rb() • 0 for z s 0 (la) Zr- j

Rb(z) a R (z) + a*(z) for 0 S z S zT (lb) Z
b og TZ

R(z) - Rcy + *(z) for zT z 5 Z (c)

. .Figure 2 The Equivalent Body.~
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Inviscid flow field was established from relaxative G
finite difference computations of the axisymmetric
potential flow equation. In fact, it precisely P

Z: :followed a procedure 3escribed in early studies of
the transonic flowl. Although description of ,

noted that the turbulent boundary layer on the pro- I R I d

jectile was also estimated from an integral ap-
;roach whose displacement effect was then taken

into account in the midst of computations of the . 1 .. _..z
:otential equation. Thus, when the Inviscid flow- U

- ~ field is established, the integral boundary layer
properties are also determined at the end of the Figure 3 0efinItion of the Average Base Pressure.

4 boattail. It is also important to note that the
turbulent boundary layer was estimated with the .....
adiaoatic wall condition and the separation cr1-
terion was set at H ! 2.5 where HI is the form to describe this process, velocity profiles were

, factor of the transformed incompressible boundary selected to satisfy the boundary conditions f
layer. No separation was observed for the cases this region. They have been described previously
reported here. and are not presented here. It should be pointed

out that (I) the Slope of the velocity profile at
Viscous Flow Behind the Base the dividing streamline was linearly coupled to its

velocity (the proportional constant was evaluated

a. Isoenergetic Turbulent Jet Mixing Process at the end of the mixing region) and (ii) a locally
Immediately after the flow leaves the triangular wake geometry (i.e. local extensions of

- boattall, a free turbulent mixing flow occurs along the dividing streamline path and the centerline lo-
the jet boundary so that the dividing streamline cations would intersect at the same point on the
can be energized to prepare itself for the subse- axis) was assumed. These manipulations assure the
quent recompression process. Since the pressure fact that the dividing streamline velocity and its
changes drastically within the region, a quasi- slope vanish together at the point of attachment on
constant pressure mixing analysis was employed the axis which Is also the terminal point of the
where the velocity profile along the path of the wake centerline (line of vanishing velocity within
mixing region was derived from a simple locally the wake) as it should. Again, Isoenergetic as-

. constant pressure integj%19nalysis with the same sumption conveniently eliminated consideration of'" initial boundary ,layer ,' . The eddy diffu- the energy equation.

*.' sivity c needed for the estimation of the turbulent
transport across the dividing streamline was given Five ordinary differential equations were ob-
by the simple expression of tained to analyze this process. They are given by

dRe  dRd ded dhb ded
a€ x ua (2) Ai iT B1 d + C1 dT 

+ Oi d

where x is the distance from the point G; the point dC

of separation, u is the adjacent freestream ye- Fi je -+ G (I - 1,. ,5) (4)
locity; and a is the spread rate parameter for such i""
a mixing region. A value of twelve was employed as which describe the locations of the edge of theI its value throughout this investigation. The lo- viscous layer, Re; the dividing streamline, Rd; the
cation and the velocity of the dividing streamline, centerline of the wake, hb; dimensionless veloci-
the snear layer thickness above and below It, and ties of the dividing streamline. ed; and the re-
the shear stress along it can be determined up to verse flow along the axis * . Ceis the dimension-
the lowest pressure point behind the base. Re- less inviscid flow velocitf (Ce u /Vmax) at the
ferring to Fig. 3, an average base pressure can edge of the viscous layer and dC /5z essentially
then be determined from the momentum equation given represents the pressure gradient. oefficients Ai,
by Bl i.... G1 are very complicated function17 of the

flow properties and geometry of the wake . Four

2 R 2 t of those equations were derived from the continuity
P R2. fdG P 2w rd d rd *wRd Pm' m d w rd dz and momentum principles for the shear layers above

dmm and below the dividing streamline while the last
one was derived from the locally triangular wake

h b  2 geometry. The eddy diffusivity needed to estimate
+ J r o u dr f0  2v r P u dr (3) the shear stress along the dividing streamline was

correlated with that at the end of the mixing
where the subscript d refers to quantities along through
tne diving streamline, m refers to properties at
"he section of minimum pressure (i.e. end of the ue 6a I m + x(r
mixing region). A linear velocity profile was - _ (--- ) (5)

adopted for the shear layer below the dividing m Uem am
streamline within the mixing region while the back-

flow at the minimum pressure section followed a where a is the shear layer thickness above the

profile employed for the ensuing recompression dividini streamline and xr represents the distance
process, which necessarily satisfies the continuity along the recompression region. Upon integrating

Principle for the wake flow at this section. this system of equations with the results of mixing
F, as the initial conditions, it was learned that the

b. The Process of Viscous Flow Recompression point of reattachment behaves as a saddle Point of
Since an integral analysis was employed the system of equations describing the flow. For

%.~ .XY . %



lightly different zR--vjlu~s''-which of course- IdR /dz ort smaller nd -eventually negative dRe/dZ
correspond to different inviscid flow fields, the vaues. Negative dR /dz also Invariably leads to
dividing streamline velocity would either decrease negative d /dz, resufting in a reduction of wake
to negative values during- recompression, before the centerline velocity. An example to illustrate this
point of reattachment on the centerline of the wake phenomenon is shown In Fig. 5. Both these be-
is reached, or eventually break away from the trend haviors are physically unrealistic and the correct
of continuous reduction and start to increase. In value of a lies In between. This, of course, is
the actual calculation, since the establishment of the typicafsgehavior of a saddle point.
the inviscid flow field was time consuming, the
value of ZR was kept fixed, and the saddle-point It was mentioned in the INTROOUCTION that one
dehavior was observed from the fact that slightly needs the saddle point discriminative nature to de-
different initial boundary layer thicknesses before termine the correct values of ZR and 6* for the
mixing would lead to widely different results problem. However, consistent numeritim compu-
toward the end of recompression. Figure 4 shows a tations cannot be carried out when they occur in
typical set of results of calculations snowing the sequence. Fortunately from the considerations of
different trends of the normalized dividing stream- the asymptotic far wake flow condition, as shown In
line veloclty, as . To keep the computational ef- the APPENDIX, 6' may be related to the total drag
fort within a regsonable level, one must attempt to coefficient thr8*Rh
reach the point of reattachment througn extrapo-
lation at the end of recompression when -e initial a' 1 + C2 1/2
omndary layer thicnklmsas of two divergent trends ( * ( ..-,,.
are witnin a small margin. o I - C(

2 2'
c. Redevelopment of Flow where C - 0 t/0 V 1/2 R .-' The total drag, Dt,

Upon selecting the velocity profile to be is the arm oftth; fom draj, skin friction drag on
given by the foreoody including that on the boattail, and

$ + (I - - the base drag on the projectile base.

for this region, where is the dimensionless wake METHOD OF CALCULATION AND RESULTS
centerline velocity and a - r/R , the basic princi-
ples will lead to two equationsf the form With the 6" value directly related to the

total drag coel cient, computational procedures
L dRe  d w . dCe  becomes greatly simplified. For a given freestream

AI d I d --z" + 01 (i - 1,2) (7) Mach number and a specific boattail angle, a pair
of values for ZR/D and 4. /R was selected. The
potential flow solution AV tA s configuration was

where again the coefficients Ai,...,D, 4e compli- subsequently established. After the turbulent
csteo functions of the flow properties . Inte- mixing process was analyzed up to the lowest
gration of this system of equations reveals that pressure section behind the base, the total drag
tie fujlly developed state is a saddle-point singu- coefficient was evaluated and the value of a" /R
larity of the equations. For a fixed ZR and adjusted according to Eq. (8). It was learn Ythit
s!igntly different a* values, the redevelopment the Influence of a' /R on the total drag coef-
flow after the reatta 'iient (after the point of re- ficient Is not ve9jsinificant, and the correct
attachment was obtained from extrapolation) will value of 6' /R could be established within a few
lead either to positive and increasingly large iterations 5  ence this condition is satisfied,

4,' dS,/dz d

5 8G/R-0Q10407 I- 2d,/dz

0.1045

02 ' 8/Ro:0'4125, :O/'

",2 - -s! o , ,3:

lii

0'

03 3.5 4

(Z-ZG)/R O RR . (Z-Z6 /R0

Figure 4 Saddle Point Characters of the Figure 5 The Saddle Point Character of the
Recompression Process. . .Redevelopeent Process.

. . . .. .. . . . 2 .x .
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integration of the sytm-W equations (Eq. (4)) F Comiputations were carried out for M4 a 0.9
can be carried out for the recompressian- and M - 1.2 with increasing boattail angles. r e

4reattachment analysis until the zR/0 value is ReynoTds number per foot was set at 4x 10
to aselcte Sm vale (~g. igues an 9 howthe pressure distributions on

0.05) Th RIs fcus edutd o h salse equivalent body with the resulting
each ew Z/ ' & e? The solution to the problem base pressure ratio also reported for dtfferei

was reached even though the detailed wake flow pat- boattail angles. Appropriate experimental dat aT4

tern was not Satisfactorily established. It Is in-. are also plotted and compared. Figures 10 and 11
deed possible to continue such detailed calcu- Show the Influences of the boattail angles on
lat',ons. Results obtained from such an early ef- different and total drag coefficients. [t can be
fort are Shown in Figs. 6 and 7 where the overall seen that as the boattail angle increases, the base
pressure distribution, the reproduced equivalent drag is reduced at the expense of increasing Form
body, and the path of the dividing streamline'C
within the wake are presented. It is obvious fromt
Fig. 6 that the realized pressure coefficient 0O3 M Q
Should be less negative and less positive than that 0ELL01.OO
on the equivalent body in the negative and positive EOoa3*

pressure coefficient regions ,respectively. as thie 02 Body Surface
result of the spread of thie viscous layer. BoyWk

CU -
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- i .. ....- ~c*~,c0 ,c5 -Ff-iout with parameters extrapolated from re-

0615 O. sults for smaller boattail angles. It was also
o +0.9 Clearned from these computations that the surface

i pressure on the forebody of projectile is not very
* sensitive to these parameters. The results areshown In Fig. 12. These results certainly do not.C agree as well with the experimental data as with

zero boattail angle.

a -C02 DISCUSSION

The merit of selecting a boattall conflgu-
ration is to increase the base pressure ratio andto reduce the base drag even with a corresponding
increment of the form drag on the forebody. This

Cal is well born out from these calculations where the
o- - 0base pressure increases for larger and larger boat-tall angles. The reduction of the base drag out-

weighs the corresponding increase In form drag that
for small boattall angles, boattalling offers fa-Svorattle Interference. However for M a 1.2, the

results seem to Indicate that the m~nlmum total
drag was reached around four degree boattail

I Iangles.

06 1 2 3 4 5 6 -" For all cases where solutions have been esta-
.. ,blished, the surface pressure distributions agree

Figure 10 Drag Coefficients for M - 0.9. reasonably well with the corresponding experimental...... . . .. data indicating that the forebody drag coefficient
is quite reliable. However, no detailed experi-..... .. mental data on the base pressure and the base dragC0 Co um, Co ,"C.b ,.

" I
• .'.4'SCOBT
"Mc s M,1.2 Cps

c.c., m 0.9

._1'

-, 0.2 l Computation, ZR/O =9.5,8.*,,/R z028

0 Exp. Data
' o.1-..,.,, ., coet . 02 L/ on the Equ.

•. CL B1_/ ody Surface

~drag. The point of minimum pressure point within "o0--C
*. the wake also shifts upstreamwlse which is the0basic reason for the higher base pressure ratio,

: since the dividing streamline is less energized
.... through jet mixing under these conditions. Al-though he present computation produced results

i. .° for s * 7' at M -1.2, it haS not produced results~for s 6" at t( * 0.9, There were practically no- himum pressu points within the wake and the ,

pressure seemed to be continuously increasing for
ithe flr after leaving the base. The detailed

! turbulent flow mechanisms of mixing under in-
creasing pressure condition held the key to the so-
lution of the problem under these conditions. MArediscussion wtll be presented in the followingsection. e-

Since experimental data on the surfacepressure on t. projectile for g • 7 at N - 0.91 Figure 12 Surface Pressure Distributions with k t te,

was available " , calculation _of .this clse was at N 0.9.

*r.% %p* -** .. . . .



are available; thus verification of these resu It-, ijiiliTesults can be produced for higher subsonic
is difficult, especially when the pressure on the Mach numbers and lower supersonic Mach numbers.
base of the projectile is known to be non-

., niform. The trend' of the base pressure variation

with the boattail ingle and the Mach number seems CONCLUSIONS
to be reasonable. :bviously, further experimental
investigation is needed in this area. From this series of investigations, it may be

concluded that the Idea of an equivalent body to
!t should be noted that the original intention treat the base pressure problem within the tran-

of choosing a crude description of turbulent trans-, sonic flow region leads to a useful and workable
.ort was to avoid the oetailed modeling of turbu- scheme. It also produced reasonably reliable re-
.ence tnrougrout the flow region. A simple and sults in Illustrating the favorable interference

% . Droner specification of the a value, the spread through boattalling. Due to the overly simplified
rate parameter for the jet mixing process, con- description of the turbulent transport, it has its
sderably reduces the scope of the analysis. It shortcomings when continuous compression extends
:n yield reasonaoly accurate results only when the from ooattall into the wake under relatively large
milAing region Is reasonably long, so that the , oattall angle conditions at M • 0.9. More pre-
iixing process nearly becomes fully developed under cise and accurate descriptions of turbulence
:he constant pressure condition. (a is also named modeling are needed for extensive explorations of
as a similarity oarimeter for this reason.) Ob- the flow with boattalls, even when carried out on
viously :his crags descriptlon cannot De exoected the basis of the Navior-StOkes equations with
:. produce reliao*e results wnen the initial pound- turbulence modeling.
ary layer is not thin, when the mixing region is
sort, or when a continuous increase in pressure ACKNOWLEDGMENT
prevails at the neginning of such a mixing region,
01icn is precisely what is occurring under the con-
aition of larger boattall angle (e 6") This research was carried out under partial

I: 4 - 0.9. In fact, for the case of 9 - 6' support from the U.S. Army Research Office through
a: 40 - 0.9. the mixing activity immediately behind Contract DAAG29-83-K-O043.
:ne 3ase was so low (due to the short length of
-'xing region) that the dividing streamline could
not cope with any subsequent increase in' APPENDIX: THE ASYMPTOTIC WAKE FLOW CONDITION
D . ress re. Although the idea of origin shift by,
page14 may be helpful under this situation, It Is assumed that for the redevelopment of,
a value of ten was inserted into Eq. (2) instead' flow, the velocity In the wake region is given by

of twelve for this particular condition, and the u 2 3
results reported in Figs. 8 and 10 were so oo- $ - w + (I - - 2c) (A-l)

taned. A more precise description of the turbu=
Iert inixing process immediately behind the base: where #w Is the dimensionless centerline velocity,

urder tese flow conditions is needed to produce, and C * r/R , where R Is the radius at the edge of
reasonable results. the viscouSe layer, weich is also the thickness of

the viscous layer 4 within this region. For the
Perhaps it should be emphasized that more pre- asymptotic far wake low, it is stipulated that the

c&se s~mulations of the turbulent flow process are, freestream approaching flow condition IS restored
meeded wren one tries to explore all possible flow in the external flow and o - 1 - E. where c is a
corciticns associated with the boattall flow even small quantity, so that higher orders of it may be

with a sophisticated treatment based on the Navier-, ignored.

S:o<es equation and two-equation turbulence,
-odeling. It is conceivable that the flow may ig-1 From the definition of a* for axisymmetric
rore the existence of the boattail if the boattail flow given by

aqle is large and the boattail is short. With
reasonably long and intermediate boattail angles, 2 62 e
:me flow may even oecome unsteady with intermittent, e Ie (6 e a - 2 10  u r dr CA-2)

separation and reattechment on the boattall before!
'me end of the boattail is reached. Obviously, an
accurate description of the turbulent separation one obtains

Process is needed. In thfs ser1ie a recent contri- 6*2

oution by Nakayama and Koyama in the study of as d
:.rtu'ent wall flow under adverse pressure gradient 2- 0
on tp-e basis of turbulence kinetic energy consider- e

ation may be useful in this aspect of the (IC 2  Cd
problem. i __( __- __________

1 "! 2 (A-3)

For the case of a - 7" at M a 0.9, whose sur-
face pressure distribution Is prisented in Fig. II,
e Integral description of the boundary layer is Since * - 1 - c, the integral In Eq. (A-3) may bel

simoly not adequate to simulate the response of the conv t
:urbu'ent viscous layer where drastic change and

reversal of pressure gradient occur. Nevertheless, 2
tre present scheme of computation does offer C. 2 C(-2
certain interesting results, in general, for the '0 " + O(c ) (A-4)• " ~Present projectile problem within the transonic1- $ '

flow regime with a reasonably short computer time
ipproxsmately 5 minutes of Cyber 175 for each

case). It can be predicted with confidence that and Eq. (A-3) becomes
- -- --
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2 Flow," Proc. of the 10th-Int.- Symposium on
6' 2 3 (1 + C ) 6 2 A Space Technoloqy and Science, Tokyo, Japan,
TI) (roo A" 1973, pp. 459-469.
-(. 7. Behelm, M. A., Klann, J. L., and Yeager, R.

,%: A., "Jet Effects on Annular Base Pressure and
Temperature In a Supersonic Stream,* NASA TRR-

From the drag-momentum relationship given by I j 125, 1962.
B. Carriere, P., and Sirleix, M., "Resultats Re-

4e  cents Oans L-Etude Des Problemes De Melange Et
0t a 2v 01 u (u - u) r dr (A-6) De Recollement,' ONERA T. P., 165, 1964.

9. McDonald, H., "The Turbulent Supersonic Base
Pressure Problem: A Comparison Between a

one has Theory and Some Experimental Evidence," The
Aeronautical Quarterly, Vol. 17, May 1966, pp.

" Vt 4 1105-126.
Ct  2 R e) 2"-,(l-e) dc. (A-7) 10. Chow, W. L., "Base Pressure of a Projectile
t . 2 0 Within the Transonic Flow Regime," Paper AIAA-

2 84-0230, presented In AIAA 22nd Aerospace
Science Meeting, Jan. 1984, Reno, Nevada, to,

- The integral. in Eq. (A-7) may be evaluated as appear in AIAA Journal.
i 11, CMow, . --., "Racompression of a Two-;

Le + _ 2) Dimensional Supersonic Turbulent Free Shear
-*(I ,- ) dc - + 0 (s) Layer," Development in Mechanics, Vol. 6,.

Proc. of the 12th Midwestern Mechanics Con-
ference, August 1971, pp. 319-332.
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t R pp. 157C-14.
2 13. Weng, C. H., and Chow, W. L., "Axisymmetric
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the equation for t asymptotic far wake flow given Vol. 16, No. 6, June 1978, pp. 553-554.-
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2  Shape at Transonic Speeds," Memorandum Report
a 1 (A-9) ARBRL-MR-03161, Ballistic Research Laboratory,

l 1 - C2  Aberdeen Proving Ground, MO. March 1982.
15. Chow, W. L., Bober, L. J., and Anderson, B.

is established. Incidentally, Eq. (A-8) also im- H., "Numerical Calculation of Transonic Boat-
plies that the condition given by tail Flow," NASA TN 0-7984, June 1975.

1 (1 /2 16. Brink, 0. F., and Chow, W. L., "Two-Dimension'

e (1 - w constant (A-lO) Jet Mixing with a Pressure Gradient," J. of,
Applied Mechanics, Vol. 42, Series E, No. 1,'

is valid for the asymptotic wake flow whether it is pp. 55-60, March 1975.
compressible or incompressible, laminar or turbu- 17. Liu, J. S. 0., and Chow, W. L., "Base Pressure
lent. Problems Associated with an Axisymmetric Tran-

sonic Flow past a Backward Facing Step," ME-:
TR-395,5, Department of Mechanical and Indus-

REFERENCES trial Engineering, University of Illinois at
1. Crocco, L., and Lees, L., "A Mixing Theory for Urbana-Champaign, Report prepared for Research

the Interaction Between. Dissipative Flows and Grant, U.S. Army OAAG29-76-G-0199, Nov. 1977,
Nearly Isentropic Streams," J. of the Aero- AVAO5O658.
nautical Sciences, Vol. 19, No. 10, Oct. 1952,. 18. Hill, W. G., Jr., and Page, R. H., "Initial
pp. 649-676. Development of Turbulent Compressible Free

2. Lees, L., and Reeves, B. L., "Supersonic Sepa- Shear Layers," J. Basic Engineering, Vol. 91,.
rated and Reattaching Laminar Flows: 1.1 Series 0, No. 1, March 1969, pp. 67-73.

'' General Theory and Applicaton to Adiabatic 19. Nakayama, A., and Koyama, H., "A Wall Law for
Boundary-Layer/Shock-Wave Interactions," A(AA Turbulent Boundary Layers in Adverse Pressure
J., Vol. 2, No. 11,. NOv. 1964, pp. 190- Gradients,' AIM J., Vol. 22, No. 10, Oct.
T 20. 1984, pp. "3813T

3. Alber, I. E., and Lees, L., "Integral Theory
for Supersonic Turbulent Base Flows," AIAA J.,
Vol. 6, No. 7, July 1968, pp. 1343-1351.

4. Korst, H. H., "A Theory for Base Pressures in
Transonic and Supersonic Flow," J. of Applied
Mechanics, Dec. 1956, pp. 593-600.

5. Korst, H. H., Chow, W. L., and Zumwalt, G. W.,
"Research on Transonic and Supersonic Flow of
a REal Fluid at Abrupt Increases in Cross
Section," ME Technical Report 392-5, Engi-
nearing Experiment Station University of
Illinois at Urbana-Champaign, Dec. 1959.

6. Page, R. H., "A Review of Component Analysis
V of Base Pressure for Supersonic Turbulent



p SECTION A.4

5',

AN INVESTIGATION OF THE EFFECTS OF NONUNIFORM THROAT FLOW ON
BASE PRESSURE AT SUPERSONIC FLIGHT SPEED

arm

Paper No. AIAA-84-0314

Presented at the AIAA 22nd Aerospace Sciences Meeting

[ Reno, Nevada

January 9-12, 1984

by

A. L. Addy, V. A. Amatucci, and J. C. Dutton

"5* -,

5, I-
°'. t

5I*.,
,' *5



AIAA-84-0314
An Investigation of the Effects of Non-Uniform
Throat Flow on Base Pressure at Supersonic
Flight Speed
A.L. Addy and V.A. Amatucci, Univ. of
Illinois at U-C, Urbana, IL; and J.C. Dutton,
Texas A&M Univ., College Station, TX

AIAA 22nd Aerospace Sciences Meeting
January 9-12, 1984/Reno, Nevada

j For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
.-1 " New v -



AN INVESTIGATION OF THE EFIECTS OF
NON-UNIFORM THROAT FLOW ON BASE PRESSURE

AT SUPERSONIC FLIGHT SPEEDS

A. L. Addy* and V. A. Amatucci'* J. C. Outton t

University of Illinois at Urbana-Champaign Texas ARM University
Urbana, Illinois College Station, Texas

Abstract Introduction

The effects an base pressure at Supersonic Investigations of base flow during powered
flight speeds of non-uniform propulsive nozzle flight at supersonic sp'e(Is are principally hased
flow were investigated. The Chapman-Korst coi- on one of the computer implementations of the
ponent model for base flow during powered super- theoretical Chapman-Korst component flow miodel and
sonic flight served as the basis for the evalu- on experiments using small-scale models. lhe
ation of these effects. The base pressures were overall objective is to develop a coinputer-hased
compared for ideal conical nozzles and for conical approach whereby the influence of the many jea-
nozzles with circular arc throats. These compar- metric and flow variables on the base flow can be
isons were made for parametric variations in the rapidly predicted with a reasonable degree of
radius of curvature of the nozzle throat and the accuracy and confidence.* To improve agreement
specific heat ratio for the propulsive nozzle with experiments, empirical modifications to the
flow. For the cases presented, the non-uniform component flow model are often made based on
nozzle flow resulted in a maximum predicted small-scale experimental results. In the theoret-
increase in base pressure of approximately 5-8%. ical component model, the propulsive nozzle is
On the other hand, an earlier empirical modifi- usually represented as an ideal nozzle which pro-
cation to the base flow model, which improves duces either uniform or conical flow at the nozzle
agreement with experiment, decreases the predicted exit. However, many of the small- and full-scale
base pressure by approximately 14%. base flow experiments have bnen conducted with

conical nozzle geometries which typically have a
small radius of curvature of the throat wall. a

Nomenclature conical expansion section with a relatively large
Ma o e a mdivergence angle, and/or a truncated expansion
ME* M I  Freestream and nozzle exit Mach numbers section. These nozzles would be expected to pro-

duce non-uniform and non-conical flow at the
PB Base pressure nozzle exit and to affect the plume expansion into

the base region. These effects and their slynifi-
PE' P1  Freestream and nozzle static pressures cance on base flow have not been systematically

at the base plane investigated. The purpose of this paper is to
describe an investigation of these non-uniformR Radial coordinate nozzle flow effects on hase pressure, to present
comparisons between predicted and experimental

RCW Radius of curvature of the wall at the results, and to establish levels of significance
nozzle throat of non-uniform nozzle flow through parametric

results.
RT , RI  Nozzle throat and exit radii

r Empirical recompression coefficient in Analysis
base flow model

Brief descriptions of the Chapman-Korst modelX Axial coordinate and the conical nozzle flow analysis of the cur-
"." rent investigation follow.

Conical nozzle half angle
i

I . .. "%'..Base Flow Model 2

Percentage deviation of the base pres-

sure from the baseline case The base flow configuration under considera-
tion is shown in Fig. I. In this analysis, the

- y Freestream and nozzle specific heat freestream and nozzle Mach numbers at the base
E I ratios plane are assumed to be supersonic. The free-

stream and nozzle flows expand or compress, as the
_________._case may be, to a cowmon hase pressure, P Down-

P o A a a p estream of the base plane, a recompresspon shock
tProfessor and Associate Head, Department of n forms at the confluence of the separated

Mechanical and Industrial Engineering. Associ- freestr'am and nozzle flows.
ate Fellow AIAA.

Inviscid Flowftield Component. In the
" d Research Assistant, Departent of Chapman-Korst model, the separated flow boundaries

"4 " eMechanical and Industrial Engineering. Student are approximated by inviscid constant-pressure

Member AIAA.

.4' t Assistant Professor, Department of Mechanial
Engineering. Member AIAA. * As an example, an extensive computer simulation

Cop)right 0Amer essnstituteof~f Aousiri sal of base flow parameters was conducted for th
Astronatics.It, 1.4. AnIllrghItNred. space shuttle by Roberts, Wallace, and Sims.
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nozzle flows expanding and/or compressing from the Since the recompression process is not well
freestream and nozzle static pressures, PF and P., understood, empirical representations or modiflfaC
respectively, to the base pressure, Pa. The Mach tions to the recompression are often presented.
numbers along the constant-pressure freestream and In this investigation, the empirical recompression
nozzle flow boundaries and the local flow angles coefficient which was developed in the correlation
at the confluence of these flows defines the of many sets of experimental data with the
oblique recompression shock system. Chapman-Korst model is used. This correlation

provides little insight into the recompression
o n, .one of the earlier computer implementa- process; rather, it simply improves the agreement

tions of the Chapman-Korst flow model, a uni- between experimental results and theoretical pre-
form freestream flow was assumed to approach a dictions. As a consequence, this approach pro-
cylindrical, ooattailed, or flared afterbody which vides a useful engineering analysis tool for esti-
terminates at the base plane. The inviscid free- mating base flow conditions.
stream constant-pressure boundary is calculated by
the method of characteristics from the local free- Conservation of Mass and Energy. Once the j-
stream flow conditions at the base plane and the and d-streamlines have been identified in each
assumed value of Pg. Similarly, the nozzle flow mixing region, conservation of mass and energy in
is assumed to be from either an ideal uniform flow the base region provide the criteria for determin-

or conical flow nozzle. The inviscid nozzle flow ing the solution values of the base pressure and
constant-pressure boundary is calculated by the temperature.
method of characteristics from the local nozzle
flow conditions at the base plane and the assumed Conical Nozzle Flow
value of P8 "

Configuration. The conical nozzle which was
In the current investigation, the nozzle flow incorporated into the base flow analysis during

conditions at the base plane were generalized to this investigation is shown in Fig. 2. The nozzle
Include flow from a conical nozzle with a circular consists of a circular arc throat section which is
arc throat section. In order to determine the joined at the tangency point J to a straight line
nozzle exit plane flowfield, a supersonic start diverging section. The nozzle configuration is
line is determined at the nozzle throat from an specified by the dimensionless throat wall radius
approximate series solution. The remainder of the of curvature ratio R w/RT; by the nozzle exit
nozzle flowfield is determined by the method of radius ratio, RI/RT; and by the nozzle divergence
characteristics. The local nozzle flowfield data angle, dl.
at the base plane and the assumed value of P8 are
used to determine the Inviscid constant-pressure Methodology. The nozzle flowfield was
nozzle flow boundary. More details on the conical predicted using an approximate throat flow
nozzle flow analysis are provided in the following solution to establish a start line for a method of
section. characteristics calculation of the supersonic flow

in the nozzle diverging section. The throat flow
In the Chapman-Korst model , the solution analysis employed in this study is a sfries expan-

value of Pg is determined by linking the fnvfscid ston solution due to Dutton and Addy. The solu-
and mixing components by a suitahle recompression tion method used in reference 7 is similar to that

. criteion at the confluence of the separated free- employed originally by Hall in that it is
stream and nozzle flows, obtained from the full irrotationality and gas

dynamic equations together with the appropriate

Turbulent Mixing Component. An approximate boundary conditions and order-of-magnitude esti-
constant-pressure mixing analysis is used to mates. However, by utilizing the generalized
analyze the mixing region and results in an error expansion variable, l/(Rr+n) where RC - RCW/RT
function velocity profile. This mixing profile is is the dimensionless thrSat wall radius of
superimposed on each of the inviscid boundaries curvature ratio and the parameter n can take on

.r. and is localized relative to these Inviscid arbitrary values, the analysis of reference 7 can
boundaries by momentum considerations. Once the be extended to the technol'ogically important case
mixing profiles have been located relative to the of nozzles with sharply curved throat wall
inviscid boundaries, two important streamlines contours.
within each mixing region can then be determined.
The first is the jet-boundary (j) streamline which The start line for the method of character-
separates the separated freestream or nozzle flow istics computitions was obtained from the TRAJ4NOZ
and the recirculating base flow. The second is computer code which is based on the analysis of
the discriminating (d) streamline in each mixing reference 7. The start line used is the contour
region which has just sufficient energy, based on line of zero transverse velocity, V(X,R) 0,
a recompression criterion, to match the recom- which originates from the throat wall location,
pression pressure rise at the confluence of the (XT,RT), and terminates on the nozzle axis. Along
separated flows, this start line, the local Mach number is super-

sonic at the wall and is selected to be slightly
Recompression Component. The discriminating supersonic at the axis. Using this start line.

streamline in each mlxing profile is assumed to nozzles with a dimensionless throat wall radius of
stagnate through essentially an isentropic process curvature as small as approximately R - 0.5 can
to the static pressure maintained by the oblique be analyzed and, in this case, n is recom-
shock system downstream of the confluence of the mended. It is to be noted that the solution of
inviscid boundaries. The recomnpression process in refe5enq 7 has been compared to experimental
the base flow analysis is an important component data and has been found to be in good agree-
which significantly affects the resulting base ment through a surprisingly wide region of til
flow solution. nozzle throat. In addition, Fujii and Kutler
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have used it to initiate their finite difference The approximate series solutions for the nozzle

nozzle flow calculations and have found good throat start lines, V(X,R) - 0, are presented in

agreement between their computations and single Figs. 4 and 5 for these parametric values. These
phase experimental data. It should also be start lines were then used to predict the flow-

,. mentioned that as a closed-form series, the satlnswr hn t rdc h lw

mhoefields through a family of conical flow nozzles

numerical implementation of this solution is with the following fixed geometric parameters:

extremely fast as compared, for example, to the Rj/R T - 1.6239 and s1 - 15*. As a result, the
time-dependent method. This feature makes the length ratio of this nozzle varies with the dimen-
approximate series solution particularly appealing sionless throat wall radius of curvature ratio.

for parametric studies such as the present one.

As shown in Fig. 3, the nozzle flowfleld Is
calculated by the method of characteristics from The nozzle exit flowfield data were input to
the non-characteristic start line to the charac- the base flow program as outlined earlier and
teristic line through the throat wall. The flow- base pressure solutions were obtained for the

field is next calculated for the remainder of the configuration shown in Fig. 1. For purposes of

circular arc throat section and then for the comparison with earlier parametric results with

I straight line diverging section. In this latter ideal conical nozzles, the following base flow
section, wave coalescence occurs within the flow- configuration parameters were selected for the

field and intensifies near the axis. This wave freestream:
coalescence leads to the formation of shock waves
within the nozzle flowfield. Since these waves y a 1.4, ME = 2.0

" are weak, they can be treated approximately as the E

coalescence of reversible compression waves. and for the nozzle flow:

Results 1.4, RI/RE 0.6, M! 2.5 (nominal)

Conical Nozzle Flow~or

For purposes of comparison, the nozzle
flowfield was calculated for the rame conical 'Y 1.25, RI/RE a 0.6, M1  2.343 (nominal).

nozzle analyzed by Fujii and Kutler for single I
phase flow; this nozzle has RCw/RT a 0.625, 1 =

150% and XT/RT 
= 6.0. This particular nozzlf 2 con- For Ideal conical nozzles, the base pressure

figuration has also been analyzed by Serra I9d ratio, PB/PE, is presented in Fig. 6 as a function

experimentally investigated by Back and Cuffel. of the operating pressure ratio, PI/PE. In this

The wall and axis Mach number distributions due to figure, the base flow solutions are presented for

Fujii and Kutler, Serra, and Back and Cuffel are I 1.25 and 1.4. In addition, the results are

presented in Fig. 2 of reference 11. The results presented for recompression coefficient values of

predicted by the present approximate nozzle r x 1.0 and 0.88. For r - 1.0, this is the unmod-

these presented in Fig. 2 of reference 11. The of the recompression coefficient was determined

present analysis predicts the onset of the com- from the correlation developed to improve the
pression on the axis and predicts a Mach number agreement between experimental and 6 theoreticalanlssar-eealyi od gemntwt rfedse fow myidial trodel.s r N0o88 thvau

decrease along the axis which is essentially in results for cylindrical afterbodies. Note that

agreement with the predictions of Serra. These the empirical recompression coefficient decreases

results differ from the experimental data of Back the value of the l,'edicted base pressure by

and Cuffel and the calculations of Fujii and approximately 14%.

Kutler for which a rather steep decrease In the
M Mach number occurs after the onset of the compres- The unmodified case with r - 1.0 was selected

sion on the axis. The Mach number distribution as the baseline case for the purpose of comparing

* along the wall predicted by the present analysis the base pressure results between the different

is in good agreement with the theoretical predic- conical nozzle geometries and the ideal conical

tions of Fujii and Kutler and the experimental nozzle geometry.

results of Back and Cuffel. Since this nozzle
configuration represents an extreme nozzle For y - 1.25 and 1.4, the variations in

geometry and the present analysis provides good predicted ase pressure for the various nozzle

agreement with other prediction methods and geometries are presented in Figs. 7 and 8. These

experimental data, the present approximate variations are presented relative to the respec-

analysis is considered to be adequate for the tive baseline cases; these data are presented as

current base flow investigation. 100 - ((P/PE

For the base flow investigation, conical e(%) "

V nozzle throat flows were predicted for parametric (PR/PE)Baseltne
variations in dimensionless throat wall radius of
curvature ratio: versus the operating pressure ratio, PI/PE, for

parametric values of RCW/RT and y1 .
' J"Rcw/RT * 0.75, 1.0, 1.5, 2.0, 4.0, 8.0

0 ,.From Fig. 7 for yl - 1.4, the nozzle geometry

and specific heat ratio: results in an approximate increase in A , 6% for

RrW/RT 1.5. With increasing values of RCW/RT,

.25y . 1 .4 the deviation from the baseline case approaches

'. . . "



zero. Surprisingly, the deviation from the 2Addy, A. L., "Detailed Analyses for the
baseline case is also small for the smallest value Base-Pressure Programs (TSABPP-1,2)," Report No.
of RCW/RT considered in this investigation. RD-TN-69-7, U.S. Army Missile Command, Redstone

Arsenal, Alabama, August 1969.
From Fig. 8 for 1 - 1.25, similar results A

are observed. In this case, an approximate Addy, A. L., "Analysis of the Axisymw etric
increase of a - 7% occurred for a value of RcW/RT Base-Pressure and Base-Temperature Problem with

1.0. Supersonic Interacting Freestream-Nozzle Flows
Based on the Flow Model of Korst, et al., Part

In both figures, the empirically correlated I: A Computer Program and Representative Results
values of the base pressure ratio are signifi- for Cylindrical Afterbodies," Report No. RD-TR-69-
cantly less, on the order of 13-15%. 12, U.S. Army Missile Command, Redstone Arsenal,

".- Alabama, July 196g.

4Conclusions Addy, A. L., "Analysis of the Axisymmetric
Base-Pressure and Base-Temperature Problem with

The detailed investigation of the effects of Supersonic Interacting Freestream-Nozzle Flows
non-uniform nozzle flow on the base flow region Based on the Flow Model of Korst, et al., Part
has yielded valuable information concerning pre- III: A Computer Program and Representative
diction of flowfield parameters. The implications Results for Cylindrical, Boattailed, or Flared
and conclusions from this investigation are as Afterbodies," Report No. RD-TR-69-14, U.S. Army
follows: Missile Command, Redstone Arsenal. Alabama,

February 1970.
1. The data for the range of cases which were

investigated show that the non-uniform nozzle Carriere, P. and Sirieix, M., "Resultats
flow effects resulted in an increase of pre- Recents Dans L'Etude Des Problemes De Melange Et
dicted base pressure of approximately 5-8%. De Recollement," ONERA T. P. 165, 1964.
The increase in predicted PB/Pf was dependent
upon the ratio of the nozzle throat wall 'Addy, A. L., "Experimental-Theoretical Cor-
radius of curvature to the throat radius, relation of Supersonic Jet-on Base Pressure for

Cylindrical Afterbodies," Journal of Aircraft,
2. The incorporation of the approximate series Vol. 7, No. 5, September-October 1970, pp. 474-

solution for the transonic throat analysis and 477.
the method of characteristics conical nozzle
flowfield calculation into the component model Dutton, J. C. and Addy, A. L., "Transonic
base pressure analysis provides an efficient Flow in the Throat Region of Axisymmetric

' means for quickly analyzing the effects of Nozzles," AIMA Journal, Vol. 19, June 1981,
many parameters, including nozzle geometry, on pp. 801-804.
the base pressure. The appropriate trends for
properties in the base flow region are Hall, I. M., "Transonic Flow in Two-Dimen-
predicted. A typical nozzle and base flow sional and Axially-Symmetric Nozzles," Ouarterly
solution requires approximately 2 seconds of Journal of Mechanics and Applied Mathematics, Vol.
execution time on a CDC Cyber 175. XV, Pt. 4, 1962, pp. 487-508.

3. The Chapman-Korst model with ideal nozzle flow 9Dutton, J. C. and Addy, A. L., "TRANNOZ: Atends to predict base pressures which are Computer Program for Analysis of Transonic Throat
higher than the cors urponding experimental Flow in Axisymmetric, Planar, and Annular Super-

values. Inclusion of non-uniform nozzle flow sonic Nozzles," Report No. UILU-ENG-80-4005,
effects into the base flow analysis tends to Department of Mechanical and Industrial Engineer-
increase the difference between predicted and ing, University of Illinois at Urbana-Champaign,
experimental values. For the worse cases, April 1980.
this difference is on the order of 20-25% as 10

determined from the use of an empirical recom- Dutton, J. C. and Addy, A. L., "Transonic
pression coefficient with the Chapman-Korst Flow in the Throat Region of Annular Supersonic
model. This empirical correlation has been Nozzles," AIAA Journal, Vol. 20, No. 9, September
shown to provide good agreement between pre- 1982, pp. 1236-1243.
dicted and experimental values. 11Fujii, K. and Kutler, P., "Computations of

Two-Phase Supersonic Nozzle Flows by a Space-
Acknowledgment Marching Method," AIAA Paper No. 83-0041, January
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Introduction

A NALYTICAL investigations of missile base flow during
i."powered flight at supersonic speeds are principally based
on one of the computer implementations of the Chapman-
Korst component flow model.' 3 To improve agreement with
experiments, empirical modifications of this analysis are
usually used based on small-scale experimental results. In the
component model, the propulsive nozzle is generally
represented as an ideal nozzle which produces either uniform
or conical flow at the nozzle exit. However, many of the small.
scale experiments and full-scale prototypes employ nozzle
geometries which have a small radius of curvature of the
throat wall, a conical expansion section with a relatively large
divergence angle, and/or a truncated expansion section. These
nozzles would be expected to produce nonuniform and non-
conical flow at the exit, thereby affecting the plume expansion
into the base region, These effects have often been hypothesized
as some of the possible causes of the disagreement between
the component model predictions and experimental results,
although no systematic investigation of their significance on
base flow has been reported. The purpose of this paper is to

-present parametric results of nonuniform nozzle flow effects
on base pressure for typical conical nozzle geometries in order
to determine their expected magnitudes and to test the
hypothesis stated.

Method of Analysis
The missile base configuration under consideration is

shown in Fig. I. The internal nozzle flow expands through a
conical nozzle with a circular arc throat to supersonic condi.
tions at the exit. The nozzle geometry is completely specified
by the dimensionless throat wall radius of curvature

,- Rcw/Rr, by the nozzle exit radius ratio RI/AT, and by the
divergence half-angle Ap The external freestream flow is also
assumed to be supersonic, and for the cylindrical afterbody
considered, the only pertinent geometric variable is the base
radius ratio R1/RZ. The freestream and nozzle flows
separate at the base and expand or compress, as the case
may be, to a common base pressure Pj. A recompression

Received July 29, 19S5. Copyright 0 American Institute of Aero-
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% shock system forms downstream at the confluence of the However, since it is poorly understood, empirical modifica-
separated freestream and nozzle flows. tions to the recompression model are often used to bring the

As opposed to earlier implementations2. of the Chapman- simplified component model predictions into better agree-
Korst flow model, which assume ideal uniform or conical ment with experimental measurements. Once the jet bound-
nozzle flow. the present method predicts the actual ary and discriminating streamlines have been identified in
nonuniform flowfield of the nozzle in Fig. 1. The approx- each mixing region, conservation of mass and energy in the
imate throat flow series solution of Ref. 4 is used to establish base region provide the criteria for determining the solution

. * an initial value line for a method of characteristics calcula- values of the base pressure and temperature.
. ... tion of the flow in the nozzle diverging section. The analysis The foregoing series solution-method of characteristics-

of Ref. 4 has been compared to experimental data" .5 and has component model methodology is computationally efficient,
been found to be in good agreement through a wide region thereby providing a means for quickly analyzing the effect of
of the nozzle throat. In addition, Fujii and Kutler' have used many parameters, including nozzle geometry, on the base
it to initiate finite difference nozzle flow calculations which pressure. A typical nozzle flow and base flow solution re-
agree well with single-phase experimental data. The start line quires approximately 5 s of execution time on a CDC Cyber
employed here was obtained from the TRANNOZ computer 175 computer.
code,' where the line used is the contour of zero radial
velocity, V(XR) = 0. This noncharacteristic curve originates Results and Discussion
from the throat wall location, (0,RT), where the flow is For purposes of comparison, the nozzle flowfield was
supersonic and terminates on the nozzle axis at a location calculated for the same conical nozzle analyzed by Fujii and
selected such that the local Mach number is slightly super- Kutler' for single-phase flow; this nozzle has Rcw/Rr
sonic. With this technique, nozzles with a dimensionless = 0.625, R,/R, = 2.625, and 01 = 15 deg. This configuration

,r.' throat wall radius of curvature as small as approximately has also been analyzed by Serra$ and experimentally in-
Rcw/Rr=0.5 can be analyzed. vestigated by Back and Cuffel. 9 The wall and axis Mach

As shown in Fig. I, the nozzle flowfield is calculated by number distributions due to Fujii and Kutler, Serra, and
the method of characteristics from the noncharacteristic Back and Cuffel (taken from Fig. 2 of Ref. 6) are compared
starting curve to the right-running characteristic through the to the results of the present nozzle analysis in Fig. 2. The
throat wall location. Next the flowfield is calculated for the present method agrees quite well with both the measurements
remainder of the circular arc throat section and then for the and the results of Fujii and Kutler for the wall Mach number
conical diverging section. In this latter region, wave coales- distribution. All three analytical techniques also predict the
cence occurs and intensifies near the axis. This coalescence axis Mach number profile reasonably well up to the point
leads to the formation of oblique shock waves within the where the steep decrease in the Mach number occurs after
nozzle flowfield. Since these waves are weak, however, they
can be treated approximately as the coalescence of reversible
compression waives. AThe base flow is predicted with the widely used ME I-
TSABPPI'' computer implementation of the Chapman-Korst
component model. In this investigation, a uniform free-
stream flow is assumed to approach a cylindrical afterbody,

, .:. where it separates at the base. The resulting inviscid free- Arc Straight
stream constant -pressure boundary is calculated by the
method of characteristics from the local freestream flow con- Ri
ditions ME and PE at the base plane and the assumed value
of Pg. Similarly, the separated nozzle flow constant-pressure (a) M
boundary is calculated by the method of characteristics from sot io
the local flow conditions along the nozzle exit lip character- .
istic c in Fig. I and the assumed value of Pa. The conditions o X
along this characteristic are obtained from the nozzle flow ------- Non-Choracteristic Start Line

Characteristic Linesanalysis discussed previously. (a1 Throat
In the Chapman-Korst model, the solution value of P8 is (b) Junction between Circular Arc

determined by linking these inviscid components to mixing and Straight Line Seqments
components through a suitable recompression criterion at the (c) Nozzle Exit
confluence of the separated freestream and nozzle flows, The Fig. 1 Misile mbae configuration and nomenclature.
turbulent mixing layers are analyzed by means of an approx-

- * imate constant-pressure mixing theory resulting in an error
function velocity profile. This profile is superimposed on
each of the inviscid boundaries and is localized relative to
these boundaries by momentum considerations. Once the Ao,/ai . OL626
mixing profiles have been located, two important streamlines /1,.2 Axis

within each mixing region are determined. The first is the jet 3 - -. ,
boundary streamline, which divides the separated freestream ,
or nozzle flow from the recirculating base flow. The second
is the discriminating streamline in each mixing region, which M 2 Wall
has sufficient energy, based on a recompression criterion, to
match the recompression pressure rise at the confluence of a Data o t lack and fcot..
the separated flows.

The recompression criterion assumes that the discrimin- I Saro
ating streamline in each mixing profile stagnates through o * , anayl,
essentially an isentropic process to the static pressure main- 01
tained by the oblique shock system downstream of the con- 0 1 2 3 , S 6

fluence of the inviscid boundaries. The recompression pro- x
cess in the base flow analysis is an important component Fig. 2 Comprb.. of the praesnt coakl moel. flowflid analysis

-- which significantly affects the resulting base flow solution. with the analysu sod eaperlmenu of others.
' , ',". .. . , ..... , .. . , -, , p ,..- -. - -. , - ,. - ,. -. . .. , .. . - ,, . .. -. ., -. .. . .N -. --..-.1.
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the onset of compression on the axis. At this point the termediate radius of curvature ratio Rcw/RT= 1.5. This lat-
• various analyses and data diverge somewhat, although it ap- ter result can be explained as follows. For RCW/RT 8.0, the

pears that the present technique predicts the axis Mach nozzle flowfield nonuniformities introduced by the throat
numbers at least as well as the two finite-difference methods. geometry are small so that the base pressure deviation fromg Since this nozzle configuration represents an extreme the ideal conical case is also small. As Rcw/RT is decreased,
geometry and the present analysis provides generally good the throat flow nonuniformities become more pronounced
agreement with other prediction methods and experimental and A increases as a result. However, as Rew/Rr is reduced
data, the present method is considered to be adequate for the further, a competing effect appears. Since the exit radius
current study. RI/RE is constant, the conical divergent section of the nozzle

For the base flow investigation, the conical nozzle exit (point J to the exit in Fig. 1) is longer for these smaller
" radius ratio and divergence half-angle were fixed at values of Rcw/Rr. Therefore, even though larger flowfield

RI/Rr- 1.6239 and 01 u 15 deg, respectively. The parametric ncnuniformities are introduced by these sharp throat cur-
values considered for the dimensionless throat wall radius of vatures, the flow has a larger distance over which to relax
curvature were Rcw/Rr=O.75, 1.0, 1.5, 2.0, 4.0, and 8.0 back toward ideal conical conditions. As a result,' a
and for the nozzle gas specific heat ratio were y = 1.25 and decreases again. The base pressure results for -y',= 1.25 (not
1.4. Since Rcw/Rr was varied but R,/Rr was held constant, shown) are qualitatively similar to those for the y, w 1.4 case
the dimensionless length of the nozzle varies directly with the presented in Fig. 3. However, the maximum deviation is ap-
throat wall radius of curvature ratio. Also, the exit radius proximately 701 and occurs for Rcw/RT= 1.0.
ratio value corresponds to a nominal exit Mach number of Also shown in Fig. 3 are component model calculations
M, = 2.343 for "y, = 1.25 and Ml = 2.5 for -y = 1.4. The base which utilize the empirical recompression criterion proposed
thickness radius ratio was taken as RI/RE = 0.6 and, for pur- in Ref. 10. However, for the purposes of the present discus-

.' poses of comparison with earlier parametric results with sion, this line may be considered simply as an empirical cor-
ideal conical nozzles,' the freestream flow parameters were relation of the approximately 150 experimental data sets
also fixed at ME = 2.0 and -y = 1.4. which form the basis of this criterion. Since the component

- Figure 3 presents the base pressure results for -Y, = 1.4 over model with nonuniform nozzle flow effects included gener-
the operating pressure ratio range 2 s P/P, < 8. The top line ally predicts a higher base pressure than the ideal conical
in Fig. 3 gives the base pressure ratio P,/PS over this range flow baseline case while the experimental measurements fall
as predicted by the original Chapman-Korst component flow 13-14% below this same baseline, it is readily concluded that
model assuming ideal conical nozzle flow and without any of these effects are not the primary source of the disagreement
the empirical modifications which are used to bring the between the original unmodified component model and ex-
theory and experimental measurements into closer agree- periments. In fact, these results point out that there must be
ment. The calculations embodied in this line serve as the other, larger factors not accounted for in the original theory
baseline case for determining whether or not nonuniform which act in the opposite direction to bring the base pressure
nozzle flow effects are a major source of the discrepancy be- down to the measured level. Such factors include the after-
tween the original theory and experiments and what the body and nozzle wall boundary layers and inadequate model-
magnitudes of these effects are. The percent deviations A ing of the mixing, recompression, and redevelopment
from the baseline case are plotted in the central portion of processes. In addition, since experimental and prototype hard-
Fig. 3 for each of the parametric values of Rcw/RT, where ware often have nozzle geometries for which the present

analysis predicts significant nonuniform nozzle flow effects on

100[ (P,/PE) - (P/PE.)bh.,] the base flow, these effects should be included in the develop-
(percent)= ment of more advanced component models or in Navier-Stokes

(P E)b )i. flowfield calculations. Only when all pertinent mechanisms are

As cunderstood and properly treated will a unified, nonempiricalAs can be seen, nonuniform nozzle flow effects result in a base flow theory be realized.

maximum increase in base pressure of approximately 6%,
and, interestingly, this maximum deviation occurs at the in-
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Abstract Experimental Configurations

An experimental investigation of two- The three backward facing step configura-
dimensional planar turbulent free shear layers tions used are shown in Fig. 2. Constant
with supersonic freestream Mach numbers is dis- pressure separation was achieved with the ra'np
cussed. Three backward facing step flow configuration, Fig. 2(a), by adjusting the
configurations were investigated in order to gain reattachment ramp angle. The flowrate of the
a detailed knowledge of the mean flow and turbu- mass bleed through the porous plate, the wind
lent field in developing free shear layers with tunnel floor in Fig. 2(b), was matched to the

_ and without an adjacent recirculating flow and a shear layer entrainment rate in order to achieve
V constant pressure separation. Two channel coin- a constant pressure separation. These two

cident laser Doppler velocimeter (LDV) measure- configurations allowed study of the developing
ments, surface static pressure measurements, turbulent mixing layer without complicating
Schlieren flow visualization, and surface oil separation shock wave or expansion fan effects.
flow visualization were used to study these Also, the purpose of the porous plate mass bleed
flows, was to remove the recirculating flow and its

possible effects on the shear layer and to simu-
Introduction late a quiescent semi-infinite fluid boundary

condition in a small wind tunnel. The ramp
The near wake base region of blunt based configuration flow was exarmined previously at M

missile type bodies at supersonic freestream Mach = 2.92 by Settles, et al. , primarily to study
numbers presents difficult problems to the exper- mixin90 layer reattachment land redevelopment.
imentalist, the analytic modeler, and the compu- Ikawa and Ikawa and Kubota studied the porous
tationalist alike, see Fig. 1. Although modeling plate flow configuration at M. 2.47. Pressure
methods like the Chapman-Korst component tqeory, probes and hot-wires were used in these two pre-
see Chapman , Korst , pnd Korst, et al. , or vious studies. The simple backstep configura-
Carpenter and Tabakoff , have seen extensive tion, Fig. 2(c), was examined primarily to detail
attention and development and Navier-Stokes com- the recompression and redevelopment zone but
puter codes have been6 applied to these ;low- useful mixing layer and recirculating flow data
fields, see Hasen , Fox or Horstman, et al. , an were obtained for the present study. The
accurate and general predictive capability does emphasis of this paper is discussion of the ramp
not exist. Knowledge of the physics of these configuration results and is entirely limited to
flows gained through simple model experiments has the approach flow, mixing layers prior to the

.s . served to guide the development of component recompression zone, and the adjacent freestreamtheory but these past experimental efforts have and recirculating flow.

"" provided very little turbulent field or recir-
culating flow region information. The extensive The ramp and porous plate experiments were
use of LDV in the present study of turbulent free conducted in a 101.6 mm span wind tunnel while

. . shear layers via simple model experiments is a the simple backstep experiments were in a 50.8 mm
step beyond these past efforts in providing such span wind tunnel. Step heights were 25.4 mm for
information. The evaluation and development of the ramp and simple backstep and 44.45 mm for the
Navier-Stokes codes and the turbulence models porous plate. The porous plate itself had an
they incorporate for the study of missile base open length of 240 mm. The approach flow to the

• region flows should be facilitated by such ramp and porous plate was at M. - 2.43 with To
experimental information. 2q98K and P0 - 551.6 kPa. This resulted in U_

579 m/s with a unit Reynolds number of 5.57 x
'? Experimental Program i /m. The simple backstep data were taken for a
"" .M- 2.07 approach flow which expanded to Mach

A series of small-scale cold air flow 2.74 adjacent to the separated shear layer with
experiments were conducted in blowdown wind PO x 528.1 kPa and To 2 2930 K. The freestream

"' tunnel facilities. Further details, data, velocity adjacent to the simple backstep mixing
discussion, and aspects of this investigation not layer was U. a A94.59 m/s after the expansion;
discussed below are presented by Petrie-. Re/m - 6.69 x 10 /m.

The ramp angle and porous plate mass bleed
,flowrate were adjusted for constant pressure

separation by viewing the flow with the Schlieren

Copyrlgbl ( Asutlea InIitue of Atronselui mad
Astroaulci., Inc., 1915. All rights reserved.



system. A 19.40 ramp angle was used. The ramp The Approach Boundary Layer
mixing layer reattached onto the ramp 4.5 mm
below the level of the approach flow step height, The 99% and momentum thicknesses of the
see Fig. 3. Although the reattachment line was approach boundary layer were 6 = 3.71 nm and 8=
straight and horizontal, the flow was not two- .28 mm in the Mach 2.43 wind tunnel. These LDV
dimensional in the reattachment region. However, results agree within 2 to 2.5% wijq the pressure
measurements made 19.05 mm off of the wind tunnel probe results of Hampton and White taken in the
center plane indicated a nearly two-dimensional same wind tunnel under similar flow conditions.

-core existed. 0 /6 = .0754 was approximately 12% lafer than

the results of Maise and McDonald's formu-
The Laser Doppler System lation.

idfA commercial two color, two channel coin- The power law

cident, frequency shifted LDV system with a 5 166/
Watt argon ion laser was used in this study. U/U = (y/)Y

. Forward scatter, 10* off axis light collection
t ,, with a 250 mm focal length lens was always fit the ramp wind tunnel approach boundary layer

used. The focusing optics used in the ramp and streamwise velocity profile very well. A modi-
porous plate experiments provided a measurement flied logorithmic law of the wpgl, see Maise and
volume with fringe spacings of 5.77q um for X = McDonald , Mathews, 2It al., and Baronti and
488 nm and 6.092 pm for X = 514.5 nm and Libby ,23 with Coles wake function and Van
approximately 21 fringes. The backstep experi- Driest's compressibility transformation was
ments used optics oroducing 13.56 um and 14.30 im fitted to the velocity profile. This allowed
fringe spacings. The larger fringe spacings were estimation of the skin friction coefficient, C -
desired because of the high turbulent intensities .00142, and wall shear stress, tw = 214.6 Pa, for
expected in supersonic regions of the recompres- the ramp and porous plate flows.
sion zone and the possible fringe bias problems
that may have resulted wjh a two channel coZq- The streamwise boundary layer turbulence
cident 14DV, see Whiffen15 , Whiffen, et al. , intensity profile results of the present study
Buchave , and Dimotakis . A detailed discus- generally agree with the results, of other%, see
sion of fringe bias in highly 8turbulent hig' Fig. 4.5 The LDV data of Johnson and Dimo~jkis,
speed flows is presented by Petrie . et a), , and the hot-wire data of Kistler and

Rose are shown. Later LDV anqhot-wire data,
The small scale of the experiments and large not shown, 2 y Johnson and Rose follow along

velocity gradients across the shear layers could Klebanoff's incompressible result but fall
have led to errors due to poor spatial resolu- above tiA curve as do the Mach 3 results of Yanta
tion. Estimates of the effects of the spatial and Lee . Similar agreement was observed with
resolution in the presence16 of flow gradients, the boundary layer Reynold's stress fluctultions,
after Karpuk and Tiedemann , demonstrated that - <u'', and the results of Johnson, see
there was sufficient resolving power for accurate Petrie
results in all cases.

The U component flatness and skewness
Frequency shifting at 40 MHz with the factors peaked sharply at the outer edge of the

fringes oriented at ± 450 to the approach flow boundary layer and then declined rapidly in mag-
direction was done in all cases except some of nitude to y/6 = .6 after which the decline was
the approach boundary layer data. One channel very gradual. Peak skewness factors wefT as
unshifted data were taken in the boundary layer large or larger than those of Yanta and Lee and

) near to the wall where the beam blockage became a peak flatnes% 0 factors were noticeably larger.
problem. Yanta and Lee excluded data more than ± 3a from

the mean, which sho-Ald lead to discarding good
TSI, Inc. Model 1990A digital frequency data for the highly flat and skewed velocity

counters processed the Doppler signals, distributions in the outer boundary layer. This
Frequencies were based on 8 Doppler cycles using was definitely the case, as determined by exami-
a 4-to-8 cycle frequency comparison with a 3.9% nation of the velocity histograms, when the t 3a
agreement required. The t I ns clock count criterion was applied to the data of this study.
resolution resulted in an apparent turbulent Flatness factors were underpredicted by 25% and
intensity of 1.23% at the 570 m/s freestream the streamwise turbulence intensity by as much as
velocity of the ramp configuration. 10.1% for these skewed distributions when this

was done in the current study. The current
Seeding was accomplished with 6 jet resv]ts are similar to those of Hayakawa, et

atomizers manufactured by TSI using a 50 cP al. at Mach 2.85, which were obtained with a
silicone oil. The wind tunnel plenum and the hot-wire anemometer.

% porous plate mass bleed flow were seeded.
Experiments were conducted to estimate mean The Mean Flow
particle diameters by measuring the velocity 'ag
of particles downstream of an o1bt) Ji SrocK wave The mean streamwise velocity profiles for
formed at a 15' compress'on ramc *" a Mach 2.53 the ramp configuration shear layer are shown in
approach flow. :ompar'o w't ca': 'at'ors Fig. 5. X is the streamwise distance from the
using1 the empirlcal pa't'-'e "-A- -'e'"'e ' -y step and y is the transverse coordinate. The
Walsh indicated . -w . . ' s mixing laver has spread across the boundary layer
were seen o)Y the _nV. inant by X/e - 178 77. The ramp streamwise

velocity profi?es were noticeably fuller for

y < f and X/9 0  178.77 than the porous plate

2
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2 2 2
profiles indicating more flow has been entrained where V U. + V. to the bin accumulator and
into the ramp mixing layer. normalizing with ihe sum of all i/VTi. The

vertical lines in the distributions locate the
The y coordinate has been scaled by the mean values on the abscissa and the horizontal

local shear layer momentum thickness, e, in Fig. lines locate the ordinate. The two arrows mark
6 and y* is the distance from the U/U = .5 the Mach 1.2 location, or the normal Mach number
location. Mean profile self-similarity for below which hot-wires hecoyg Mach number
X/60 ?0250 or X/S ) 18.8 seems to be the case. sensitive, see Smits, et al. and Wagner .
Ikawa observed mean similagity for X/e0 ; 275 Since the mean V velocity is small, a drop in the
at M = 2.47 and Settles, et al. observed PDF centered at U = 0 is expected if a velocity
similarity for X/6 )1 8 at M 2 2.92. bias exists. This dip at U z 0 was observed in

all of the data and the 1/V correction generally
The shear layer width, b, defined as the produced more reasonable looking distributions

distance between the U/U. = .9 and .1 locations than the bi-model biased distributions. A small
and the local shear layer momentum thickness, 6, coincidence time window may lead to a similar PDF
grew in a near linear fashion soon after separa- dip. The effects of the time window sije were
tion. Growth rate estimates for the ramp sheg examined and were not a factor, see Petrie
layer are db/dx x .078 and do/dx - .009. Ikawa
observed db/dx = .064 and de/dx = .0073 which are The velocity probability distributions skew
similar to current porous plate estimates. Typi- significantly at the high speed edge of the shear
cal incompressible growth3fates are db/dx - jig, layer, developing a long tail on the low speed
see Cjlympagne, et al. , and Liepmann and side of the distribution. The dynamic range of
Laufer found de/dx = .035. Since velocity distribution increased to a maximum near

the y*/e = 0 location. This is the U/U = .5
de d y. location and is slightly below the sonic line.
dx = d -U dy The mode of the velocity distribution is centered7 Tin the distribution, which is nearly Gaussian, in

wothe central region of the mixing layer. The
where y. is the location of the dividing stream- velocity distributions skew again at the low
line, sie Petrie , then mixing layer entrainment speed side of the mixing layer but this is not as
at these freestream Mach numbers is reduced by pronounced as on the freestream side. These
nearly a factor of five with respect to incom- features are seen in the skewness and kurtosis
pressible flows. The current results indicate an factor results discussed below.
increase in growth and entrainment due to a
recirculating flow in excess of 20%. All of the data presented below have been

corrected for velocity bias using the 1/VT
The ramp configuration recirculating flow correction. Figures 9 and 10 show the relative

mean velocity vectors are shown in Fig. 7. The magnitude of the correction versus the local tur-
maximum reverse flow velocity magnitude was .lq bulent intensity for the streamwise component
U.. The simple backstep reverse velocities had 0 mean velocity and turbulent intensity, respec-
larger maximum, .26 U. The directed nature of tively. 38 Thl, curve in Fig. 9 is Erdmann and
the recirculating flow towards the step separa- Tropea's low turbulent intensity free
tion point may lead to the onset of plume induced running processor result; the bias of the mean
separation on missile afterbodies. Separation on equals tqp intensity squared. Johnson,
afterbodies has been observed to occur as soon as et. al. '  obtained similar results in a low
the base pressure exceeds the after4qd1 5 surface speed two stream mixing layer. Behavior similar
static pressure, see White and Agrell ' to the U component turbulence14intensity in Fig.

10 was observed by Buchave when 4 ,the one-
Static pressure variations of 4% and 6% were dimensional McLaughlin and Tiedermann correc-

' -' seen in the backstep and ramp recirculating tion was applied to simulated three-dimensional
' . . flows, respectively. Minimum pressures occur Gaussian turbulence field under certain condi-

where the recirculating velocities are high; near tions. The biased and uncorrected U component
the base of the ramp in Fig. 7 and at X/H a 1 for standard deviation, u, differ by less than 10%
the simple backstep. The static pressures in the in most of the flow. The difference between the
mixing layer were slightly higher than in the corrected and biased streamwise turbulent inten-
recirculating flow except near the backstep where sity based on the local mean velocity increase
the recirculating flow stagnates and the pressure monotonically and asymptotically with the turbu-
rose to the mixing layer level, lent intensity to 30%; the two-dimensional

corrected intensity being the larger of the two.
The Turbulent Field

Ramp configuration U and V component turbu-
A qualitative knowledge of the turbulent lence intensity results are shown in Figs. 11 and

, , field was obtained by observation of the velocity 12. These data did not collapse together as the
. probability distribution functions. Figure A mean flow did in Fig. 6. Scaling with the local

shows streamwise component distributions at maximum intensity did collapse the data at down-
various locations across the flow for the ramp stream locations but on the high speed side of
configuration at X/e0 - 268.15. The velocity the mixing layer only. Turbulence intensities at

j biased distributions were obtained by adding a the three most downstream locations on the low
to the bin accumulator If the velocity of the it speed side of the mixing layer, y*/8 < 0, were
data point fell within the range of the bin and noticeably higher for the ramp than the porous
were normalized with the total number of data plate.
points. The velocity bias corrected
distributions were obtained by adding i/VTi,

3



Streamwise component turbulence intensities maximum of .0104 in incompressible mixing layers.
based on the local velocity magnitude increased Half of the difference between the current and
dramatically for y*/e < 0. Values peaked at 170% incompressible results was due to the factor of
to 450% where the local mean was nearly zero. 2.2 decrease in the mean density from the high to
Intensities near the sonic line were 30% to 40%. low velocity side of the ramp and porous plate

mixing layers; approximately 85% of this change
The maximum turbulence intensities, based on has occurred above y*/e = 0. The decline with

the freestream velocity, versus X/e0 for the ramp respect to incompressible results of the V or
are shown in Fig. 13. Both ramp and porous plate transverse fluctuations appears primarily
streamwise intensities increased and then leveled responsible for tAe smaller - <u'v'> values.
off at approximately 14.6% after separation. Brown and Roshko's2  order of magnitude arguments
Ramp intensity levels increased to 17.2% down- suggests both <v' > and - <u'v are inverselystream of X/e0  s 125.14. The V component inten- proportional to Mach number. The correlation

sity underwent a more gradual increase after coefficient, Ruv = - <u'v'>/o a at downstream
separation. The maximum - <u'v'> term increased locations ranged from .5 to .58 Vross the mixing

b . sharply after separation, however. The correla- layers in the current study which is 4 imilar to
tion coefficient maximmum was initially very the .54 incompressible 3 alue of Patel and .57
high, Ruv> .7, for X/ = 21.45. The ramp of Liepmann2 and Laufer-. The backstep maximumSconfiguration V component intensity reached r.2a <u'v'>/U values were similar to the ramp

at X/0o = 357.54. The porous plate streamwise values afte'r separation but increased to values
intensity increased slightly with X reaching exceeding incompressible levels prior to recom-
15.6% at X/60  = 357.54. Porous plate end pression.
effects due to the diffuser inlet pressure rise
were the cause. Porous plate V component maximum The apparent kinematic eddy viscosity,
intensities were quite similar to the ramp - <u'v'>/(aU/ay), increased dramatically on the
results, low speed side of the mixing layer, see Fig. 15.

Average values of the eddy viscosity for - 4
1) The simple backstep streamwise component y*/e 4 4 increased almost linearly with X.

maximum turbulence intensities increased from
15.0% to 25% prior to the pressure rise. Trans- The mixing length, L = lu'v'I /(aU/ay), in
verse component maximum intensities ranged from Fig. 16 also grew linearly with X as the scaling
4.7% after separation to 7.3% prior to recom- with o indicates. For the ramp shear layer, b=
pression. Be, so the mixing length ranges from 1/32 to

1/16 c L/b 1 1/4 across the mixing layer. The
Incompressible mixing layers have similar minimum mixing length occurs near the maximum

magnitude maximum streamwise turbulence inten- Reynold's shear stress term location.
sities but larger transveff2 e component inten-
sities. Champagne, et al. observed 17.1% and ti component skewness and kurtosis factor
11.7% values for the U and V component maximum results differ from those ohserved in incompre A
turbulence intensities, respectively. The con- sible mixing layers, see 3 Yygnanski and Fiedler
pressible mixing layer transverse intensity were and Champagne, et al. Larger magnitudes
1/2 to 1/3 of the streamwise values while this occurred on the high speed side of the mixing
ratio is 2/3 for incompressible flows, layer and smaller ones on the low speed side

opposite the incompressible results, see Figs. 17
The available hot-wire streamwise intensity and 18. The smaller low speed side kurtosis

results differ fyhstantially from the current factors in the compressible mixing layer may
results. Wagner did not make measurements in indicate a less convoluted potential flow/
the transonic core of a M = 5 mixing layer due turbulent flow interface with smaller ejections
to the Mach number dependence of the hot-wire but and entraining motions compared to the incompres-
did extrapolate to estimate a 9%,Falmum stream- sible case. The observed low entrainment rates
wise turbulence intensity. Ikawa observed a support that such a difference is plausible.
5 to 6% maximum, or less h,afL the approach Other differences between compressible and
boundary layer values. Ikawa also observed incompressible mixing layers is a shift from the
maximum streamwise turbulence intensities based high to low velocity side, that is from y* > 0 to
on the local velocity of only 9% which occurred y* < 0, of the location of the maximum shear
on the supersonic side of the mixing layer. This stress, maximum transverse component turbulent
seems to be an unlikely result. These results intensity, and the point where the skewness
may indicate calibration or frequency response factor goes through zero.
problems and/or significant pressure fluctuations
and the breakdown ot3 Morkovin's hypothesis as Conclusions
suggested by Bradshtw and indIated by results
of Brown and Roshko and Roshko An experimental study of compressible turbu-

lent free shear layers using a two channel LDV
Reynolds' shear stress values for the ramp and three backward facing step flow configura-

mixing layer are shown in Fig. 14. Downstream tions was conducted. Although mixing layer
maximYT values compare well with the value growth rates and entrainment rates are much
Ikawa estimated from the mean streamwise smaller than those of incompressible flows,
velocity profile, / n2 streamwise turbulence intensity levels were com-

results also fit the tren f the data at high parable. Transverse component turbulence inten-
and lower Mach numbtr eby te a at lgc sities and Reynolds shear stress values were sig-
and Maydew and2 Reed . Wygnanski nd Fledlerg 8  nificantly smaller than in incompressible mixing

observed T/p. H - .0092 and Patel obtained a layers, however. The results indicate structural
differences between the incompressible and
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compressible mixing layers. The recirculating Ikawa, H., "Turbulent Mixing Layer Experiment
flow noticeably effected the mixing layers in a in Supersonic Flow." Ph.D. Thesis,
number of ways. The assumption of constant eddy Aeronautical Engineering Department,
viscosity appears to be particularly poor in the California Institute of Technology, Vol. 13,
presence of a recirculating flow. Statistical No. 5, May 1q75, pp. 566-572.
velocity bias of the LDV data was observed and a
two-dimensional velocity inverse correction 12 Whiffen, M. C., "Polar Response of an LV
worked reasonably well. Measurement Volume," Proceedings of the

Minnesota Symposium on Laser Velocimetry,"
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AN EVALUATION OF LDV VELOCITY AND FRINGE BIAS EFFECTS IN
SEPARATED HIGH SPEED TURBULENT FLOWS

H. L. Petrie* M. Samimy** A. L. Addy***

Pennsylvania State University Ohio State University University of Illinois
State College, PA 16804 Columbus, OH 43210 at Urbana-Champaign

Urbana, IL 61801

Summary was surveyed from upstream of the backstep to
downstream of reattachment with a two color, two-

The LDV velocity and fringe bias effects in channel coincident frequency shifted laser Doppler
highly turbulent separated flows are presented and velocimeter. References [2-51 provide further
discussed. The effects of velocity bias was found details. This paper will be directed toward coin-
to be more substantial on the mean velocity and cident two channel LOV systems.
shear stresses than on the normal stresses. The
addition of an estimated z velocity component term These model experiment flowflelds contain
to the two-dimensional velocity inverse bias cor- regions of high turbulence intensity and in some
rection improves velocity bias correction when the cases these high intensities occur where the flow
measured 2-0 velocity approaches zero. Also, the is supersonic. Thus, an extreme dynamic range of
significance of fringe bias for two-component velocities is possible a-d at the outset it was
coincident LOV in separated flows are analyzed and expected that LDY velocity bias could hav a sub-
procedures to eliminate the fringe bias are stantlal statistical effect on the results. Also,
presented. the combined effects of the two channel coinci-

dence requirement and the wide dynamic range of
1. INTRODUCTION velocities could result in a noticeable bias

This study is part of an ongoing program to [6-10), even with a 40 MHz frequency shift.

U investigate supersonic missile base region flows An evaluation of the effect of these biases
and the interaction between missile base and body and the effectiveness and/or need for any correc-
flows. Features of these base flows includes tive actions was felt to be essential to these LDV
separated regions of recirculating flow bounded by studies. Without such an effort, potentially

V turbulent free shear layers and a recompression large uncertainties and important unanswered ques-
zone where the bounding shear layers merge and tions would exist regarding the quality and
change direction. The experimental efforts of accuracy of the results. The purpose of this
this investigation have been directed at the paper is to present the results of this evaluation
detailed study of simpler two-dimensional flows the techniques used in the process. This informa-
using laser Doppler velocimetry. These two- tion should be of value to those doing counter
dimensional model experiments have important base LDV in highly turbulent flows.

features in common with actual base flows and are
* ~better suited for study in small scale wipd 2. VELOCITY BIAS

tunnels than complex axisymmetric flowfields [1]
McLaughlin and Tiederman [11] argued that the

The data presented below were taken in one individual realization sampling process is biased
such model experiment flowfield, shown in Fig. 1. towards higher velocities in turbulent flows
A nominal Mach 2.5 flow with a fully developed because the volume of fluid and therefore the num-
turijlent approach boundary layer separates at a ber of particles swept through the LOV measurement
backward facing step and reattaches onto an volume is proportional to the quantity being
inclined ramp downstream of the Step. The ramp sampled, namely, the velocity. That is:
angle is adjusted to achieve a constant pressure
separation at the backstep. This entire flowfield (1) An - C A VT At

Rs'" * Applied Research Labor&- where an is the number of particles sampled in
A i A i e crtory. time interval At, C is the number density of the

Assistant Professor, Department of Mechanical particles, A is the cross sectional area of the
Engineering. measurement volume in the plane normal to the

***Professor and Associate Head, Department of velocity vector, and VT is the total velocity
* 1 Mechanical and Industrial Engineering. magnitude. If C and A are constant, then the data

t Numbers in brackets refer to entries in rate and probability of obtaining a sample is
REFERENCES.
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directly proportional to the velocity; this is by the two-dimensional velocity inverse
assumed in the following discussion. correction.

TRANSIT TIME WEIGHTING A simple approximate corrective action can be
taken to account for the contribution of the z

The particle transit time across the LDV component to the velocity inverse weight. An
measurement volume can be used as a weighting estimate of the unmeasured z component turbulent
function to correct for velocity bias [10,12,13]. intensity based on the measured (x,y) plane values
The transit time is, on average. inversely propor- combined with a geometric factor to account for
tional to the velocity. This method of velocity the effective measurement volume cross sectional
bias correction has the advantage of not producing area can be used to determine an estimatedinfinite weights and works just as well for one averaged z component velocity magnitude. Such a
and two component LOY systems. However, LDV procedure effectively limits the maximum allowed

%digital frequently counters often produce inferior weight when both U and V are small in a reasonable
results when operated in a total burst mode which way. Nakayama [15) added an estimated z component
determines the velocity using the transit time, term to the velocity inverse weight, wi. so that:
This was the case in the current study. Also, the
particle transit time through the LOV measurement 22 2 21/
volume is dependent on both the particle size and (2) w1 = ru' - V, + (a/b) a.
location of the particle pathline through the i iW
measurement volume [14]. This results in a
scatter of the transit time weights for a given where a/b is the ratio of the measurement volume
velocity vector. The particle size and its path diameter to its length; the long axis of the
through the measurement volume should not corre- measurement volume ellipsoid is parallel to the z
late with the velocity so the effect of this axis. This is also the ratio of its cross sec-
scatter should average out for sufficiently large tional area of the measurement volume in the (x,y)
samples. However, an increase in the size of the plane to that in the (y,z) plane with the origin
uncertainty interval of the velocity statistics at the measurement center. a is the z component
for a given confidence level results, root mean square intensity YEevel, its standard

deviation, and Ui and V1 are the x and y co~p onent
The Doppler bursts were processed in the N- velocities of the ith realization. The z term,

cycle mode in the present study. That is, a fixed OZ is estimated as the average of the x and y
number of cycles NF, were required and used to component intensities. Since a/b is typically
determine the frequency of each burst. Transit smaller than 1/20, the z component term will only
time information was not available in this mode be significant when U1 and Vi are small.
with the Doppler signal processors used. The N-Of axs lgt cleio cnatr th
cycle mode was used because it was less suscep- e fftv masurement volumecgomer cand at toe
tible to noise and produced results superior to inrae h ffective arsreet oue raot, (ande actto
the total burst mode. ices h fetv rarto ab)'we

the photodetector aperture is not large. In the
VELOCITY INVERSE WEIGHTING present study, the effective length of the

measurement volume, L , was calculated by
A two-dimensional velocity inverse weighting procedures outlined in feeference 16. The effec-

function was used in the present study to correct tive (y,z) plane cross sectional area of the
for velocity bias. This is just a natural exten- measurement volume was calculated by assumiing a
sion of the one-dimensional velocity inverse rectangular cross section of dimensions Lm by d
weight proposed by McLaughlin and Tiederman [ill where dm is the measurement volume diameter. Wi?.'
that is possible with a coincident two channel LOY this approach, the effective area ratio for the
system. The velocity in the (x,y) plane was LOY data discussed below was (a/b) = 0.056, which
measured by the LDV with the measurement channels is approximately one-third l'arger t~an a/b.
oriented at t 450 to the horizontal streamwise

-direction. The z direction velocity component, W,' The estimate of the added z term requires
wsnot measured but was expected to have a mean values of the intensities of the two measured com-
vleof nearly zero in all cases, ponents. One pass must be made through the data

valueto determine these intensities and then a second
A deficiency of this velocity inverse weight pass must be made to calculate and include the

* .- is the possibility of an infinite weight when the estimated z term. In order to prevent an infinite
(x,y) plane velocities are simultaneously zero, weight from occurring on the first pass, a maximum
This was rarely encountered in the present work allowable weight was set. The first pass maximum

%but it did occur. Also, as the (x,y) plane weight was that for a realization with a burst
velocities approach zero, the magnitude of the time one clock count less than would occur for a
unmeasured z component becomes an increasingly zero velocity in both channels. This is the
significant part of the three-dimensional velocity smallest resolvable velocity increment in either
magnitude. Even though this z velocity component channel at the zero velocity.
had a zero mean value, its mean magnitude was not

=zero. As a result, the velocity magnitude in VELOCITY BIAS RESULTS AND DISCUSSION
Equation (1) is on average underestimated when the
(x,y) plane velocity is small. Thus, small With the above details and difficulties in
velocity realizations will tend to be overweighted mind, an examination of the effect of the velocity
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bias and the bias correction was made. The measurement locations shown in Fig. 2. The esti-
results with the simple two-dimensional bias cor- mated z term has a noticeable effect near U = 0
rection are given the most attention with compari- only and appears effective in eliminating the
son to the results with the added estimated z term overweighting seen in the simple two-dimensional
on a limited basis. inverse corrected results.

Figure 2 shows probability density functions, The probability density contours of Figs. 5
PDF, of the x component velocity, U, taken across and 6, which are the results for the data at
the mixing layer for the ramp flowfield in Fig. 1 y*/e = -6.56 and -10.65, respectively, in Fig. 2,
at x = 75 mm downstream of the 25.4 mm backstep. provide a more detailed view of the effect of the
The base of the ramp in Fig. I was at x = 101 mm. bias. These two-dimensional PDFs were formulated
The freestream velocity was approximately 570 m/s. and normalized following the procedures outlined
y* is the distance from the U/U. = 0.5 location for the one-dimensional PDFs above. The proba-
and e is the local mixing layer momentum thick- bility density increment between contour levels
ness. The horizontal lines at the base of each was constant and the same probability density
PDF locate the ordinate and the short vertical levels were contoured at a given y*/e. The
lines indicate the mean of the PDF on the contours increase monotonically fromt the outer-
abscissa. The biased PDFs were formulated by most curve, which is at the lowest probability
adding a weighting factor of 1 to the histogram density level, to the innermost curves at higher
bin accumulator if a velocity realization fell levels. The uncorrected biased contours in Fig.
within the range of the bin. The PFs were 5A follow the circles centered at the origin of
normalized by dividing by the sum of these the velocity plane closely indicating the expected

Y weights, which in this case is the total number of dependence on the velocity magnitude and a nearly
realizations in the sample. Constant bin widths constant z component effect at small (x,y) plane
were used so that normalization does not require velocities. The decrease in the probability
division by the bin width for this comparison, density near the zero velocity is apparent in Fig.
The velocity bias corrected PDFs were obtained by 6A also. The corrected results in Figs. 5B and 6B
the same procedure but the simple two-dimensional do not show such bias effects but these contours
velocity inverse weighting factor was used. This indicate overweighting near U = 0 as seen in the
visualization of the effect of the correction is one-dimensional PDFs of Fig. 2 at these y*/e
informative and simple. It can be applied to locations. The addition of the estimated z term
examine directly the effect of any weighting to the weight reduces the gradient near the origin
function of the POF. and no overweighting is apparent in Figs. 5C and

6C.
The biased distributions in Fig. 2 exhibit a

large decrease in the probability density about Another way of examining the bias that avoids
the U = 0 location in all cases where the proba- the complications of contouring but uses all ofbility density is sufficiently large near U = 0 to the velocity magnitude information is to formulate

discern such details. This is true of all LDV PDFs of the measured two-dimensional velocity
data taken in this study. The decrease in the U magnitude, V This is shown in Fig. 7 for the
velocity POF is due to velocity bias and occurs data at y*/ -=-6.56 and -10.65. Each of the
because the U component is dominant in this flow- histogram bins used to formulate these PDFs had a
field such that the magnitude of the U velocity constant width, AV2 = 10 mis. The histogram bin
component correlates well with the total three- accumulators contaTh the sum of the weights for
dimensional velocity magnitude. The V velocity all of the data between concentric circles
PDFs, see Fig. 3, shows no such behavior at V = 0 centered at the origin in the velocity plane with
because the event V - 0 correlates poorly with a a difference in radii of AV and an outer radius
zero three-dimensional velocity magnitude. How- at the upper velocity limit 9? the histogram bin.
ever, the bias is still present and the V com- PDF normalization requires division by the product
ponent statistics are affected by it. of the sum of all the weights in the sample with

the area of the current bin between the concentric
The biased distributions of Fig. 2 are dis- circles in the velocity plane. The midpoints of

p tinctly and unrealistically bimodal. That is not each histogram bin in Fig. 7 are connected by
to say that a bimodal velocity PDF is unrealistic straight line segments.
but that velocity bias acts to create or exag-
gerate the bimodal character. The velocity The biased data, the simple two-dimensional
inverse correction eliminates or reduces this corrected result, and the estimated z term correc-
bimodal character; however, a tendency to over- tion are compared in Fig. 7. The addition of the
weight near the zero velocity occurs in a few z term significantly reduces the maximum weight
cases in Fig. 2. The fact that the biased proba- where the simple two-dimensional correction
bilities were not zero at U - 0 results from both overweights appreciably, near the zero velocity
the finite size of the histogram bins used to magnitude. The expected form of the unbiased
formulate the PDF and the fact that the y and z velocity magnitude POF is not known but a smooth
component velocity magnitudes were not on average curve with a probability density near zero that is
zero when the U velocity was zero. approximately equal to that found in equal dis-

tance on the opposite side of the maximum proba-
The biased, simple two-dimensional corrected, bility density location is expected. The excep-

and estimated z term corrected U velocity com- tion to this would be the case where the most
ponent PDFs are compared in Fig. 4 at two of the probable magnitude Is zero. No appreciable
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offsetting compensation for the velocity bias due The reduction of the bias between free
to improvement of signal quality at lower velocity running and processor controlled sampling has been
magnitudes, as discussed by Durao and Whitelaw observed experimentally [14,20,21) and it appears
[17), is indicated by the results shown in Fig. 7. that if the sampling rate is 50 to 100 times less
If such an effect were significant, an increase in than the validated particle data rate, the data is
the biased PDFs with decreasing velocity magnitude unbiased. Conversely, the mean validated particle
comparable to that for the z term corrected data rate oust be significantly smaller than the
results would be required. processor sampling rate for the data to be com-

pletely biased. The processor sampling rate
The measured U and V velocity components exceeded the mean validated data rate by a factor

appear to provide sufficient information to both of 30 or more in the current study and free
observe the bias and correct for it reasonably running processor conditions were felt to have
well in the present study. However, this two- been closely approximated.

* dimensional Information may not be sufficient in a
highly three-dimensional flow where no single The analysis of Erdmann and Tropea [18,19)
velocity component dominates or in a situation also predicts that in the limit as the turbulent
where the dominant component is not measured or intensity goes to zero the velocity bias of the
only partially measured. In such cases, an mean Is equal to the turbulence intensity squared,
accurate z term estimate would be unlikely, the or:
data will not show the bias as distinctly, if at -2

all, and the correction will not work as desired. UBAE- UTRE 0

The bias is still entirely present in these situa- (3)BISD-TU (o
tions but the data does not contain sufficiently ITRUE
complete velocity magnitude information to observe
or correct for it. For an example of such a situ- where a i s the U component standard deviation and
ation, consider a study of secondary flows in a lV iIs Vhe local velocity magnitude. The negative
corner, say the juncture of a wing with a fuse- of Equation (3) is shown in Fig. 8 with the U
lage, and the large chordwise velocity component velocity mixing layer and recirculating flow data.
is not measured. The simple two-dimensional velocity inverse cor-

rected results were taken as the true results for
Coincident two channel LDV systems are sub- the comparison with theory. The statistical pre-

ject to a sampling bias due to time window diction and the corrected results are consistent.
constraints for coincidence. A validated signal The low speed data of Johnson, et al., [14] is
must be received from both channels within an similar. The turbulence intensity based on the
adjustable time window to be considered coinci- local mean velocity magnitude was 30% to 35% at y*
dent. Differences in light scattering due to = 0, the middle of the mixing layer, so that the

*wavelength or polarization, differences in mea- effect of the bias on the mean streaweise velocity
surement volume size and fringe spacing between was substantial for much of the flow. This local
channels, or slight optical misalignment are a few turbulent intensity increases from the high to the
of the possible factors that may lead to a spatial low velocity side of the mixing layer with the
separation of where a Doppler burst is initiated largest values occurring where the local mean
in one channel with respect to the other channel, velocity is near zero.
This corresponds to a temporal separation that is
inversely proportional to the velocity. As a The effect of the bias on the standard devia-
result, low velocity particles are less likely to tions of the U and V velocity components is shown
satisfy the coincidence requirement than the high in Figs. 9 and 10. The trend is similar and non-
velocity ones. Time window biasing was noticeable monotonic in both cases. Generally, the effect of
for time windows less than 2.5 microseconds only the velocity bias on these turbulence intensities
and was not a factor in the present work [4). is not large, less than 20% for most of the flow,

and the effect on the V component was smaller than
Erdmann and Tropea [18,19] have statistically the U component by as much as a factor of two in

modeled the LDV sampling process for a normal dis- parts of the flow. Figure 11 compares the
tribution turbulent flow. The analysis predicts a corrected and biased Reynolds shear stress term,
shift from fully velocity biased to bias free <uv'>. The effect of the bias on the shear term
results as the sampling process changes from free is approximately double that for the U velocity

*running processor to processor controlled. A free standard deviation and is not negligible in most
running processor is one that is able to process of the flowfield.
and transfer the data from every particle that
generates a validated signal. In this case, the Figure 2 provides some insight into the
flow determines when particles are sampled. If behavior of the bias observed in Figs, 9 and 10.
the processor sampling rate is much less than the At the freestream edge of the mixing layer, the U
validated particle data rate, the processor velocity PDF develops a long flat tail on the low
samples at its constant maximum rate since a speed side of the mean. These large negative
validated particle occurs almost immediately after fluctuations reduce the velocity magnitude and are
the processor status Is ready for more data. In therefore given larger velocity inverse weights

p. this case, the results are predicted to be than the rest of the data in the sample. This
unbiased and the processor controls the sampling results in the initial increase in the U component
process. standard deviation. The higher probability

densities given these weighted large negative
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fluctuations can be seen in Fig. 2. The V fringes and has a velocity magnitude VT. The
.C component follows this trend since it is the U Doppler burst time is:

velocity that determines the extent of the bias in
most of the flow. The U and V fluctuations are (5) tb a N df/VT Icos .1
not perfectly correlated so that the increase in

i the corrected V component intensity in Fig. 10 is
smaller than that of the U component. The larger where df Is the fringe spacing. With frequency
difference observed between the biased and cor- shifting, Ns fringes will sweep past any point in
rected <u'v'> term indicates it is these largest the measurement volume in time tb such that:
fluctuations which contribute the most to the
Reynolds shear stress. As the mean velocity mag- (6) Ns = tb VFI/df.
nitude decreases in a traverse across the mixing
layer, the more heavily weighted near zero veloc- VF is the velocity of the moving fringes and is
ities occur with greater frequency and are~closer positive or negative in accordance with the
to the decreasing mean. At the highest local coordinate system defined for the velocitiesturbulence intensities in Figs. 9 and 10, the mean measured by the LDV and the direction of fringevelocity is near zero and the bias correction motion. The fringe velocities for the coordinate

weights the data near the mean the most heavily, system shown in Fig. 13 are both negative. * is
This leads to the decrease of the corrected also indicated for both channels 0 and 1 for
standard deviations to values less than the biased vector U in Fig. 13. Substituting for t from
result. Equation (5) produces:

The combined effect of the bias correction of (7) Ns . NIVFI/VTICOS 1.
the mean velocity and standard deviation on the

-J turbulence intensity based on the local mean
velocity is shown in Fig. 12. The fractional The number of fringes crossed with frequency
difference between the corrected and biased inten- shifting is:
sities asymptotically approaches 30% and is larger

.. than 10% in most of the flowfleld. Nfs Ns

3. FRINGE BIAS Therefore, the ratio of the shifted to unshifted

Fringe biasing occurs because LDV signal fringe crossings is:

processors require some minimum number of fringe (8) Nfs/N - I/( - VF/(VT cos 4))
crossings, Nr. for a validated Doppler burst. As
a result, tie effective cross sectional area of
the measurement volume normal to the instantaneous where the sign of VT and cos # determine whether
velocity vector, Ae, is less than the total area, the number of fringes crossed is increased or
A, in Equation (1) and is a function of the vector decreased by frequency shifting.
direction and magnitude when frequency shifting Is The unshifted fringe crossing ratio, Q, in
used. The following discussion is restricted t Equation (4) can be modified to account for the
two-dimensional flow and neglects the z velocity
component, effects of frequency shifting. The requirement

that Nf fringes can be met with frequency shifting
FRINGE BIAS ANALYSIS when NfS in Equation (8) is equal to NF. The

number of unshifted fringes, N, that would be
The analysis of Buchave 8,93 for fringe bias crossed in this case is:

is extended to consider frequency shifting under
the assumptions of two-dimensional flow and small N - NF/(l - VF/(VT cos .)
laser beam intersection angles. From Buchave
(8,91 the effective to total measurement volume and Equation (4) may be written as:
area ratio with no frequency shifting Is:

e (1 tan2) P (9) p _ 1 - Q2(1 + tan 2)/(l - VF/(VT cos 4)) 2

(4) A /A= - 2 I a
This can be expressed as:

°* where Q is the ratio of the required number of
fringe crossings to the maximum possible fringes, 2 2
N /N and # is the angle between the velocity (10) P - Q /(cos + - VF/VT)
vector and the normal to the fringes In the direc-
tion defined as positive velocity. This area This result Is equivalent to that by McDougall

r ratio is equal to the probability that a particle [22), when expressed In terms of the same area
entering the measurement volume will cross NF  ratio, which is an extension of the analysis of
fringes. fringe bias by Olmotakls (10) to the frequency

shifted case. The approach taken by Buchave (8,91
This result must be modified to include fre- differs from that of Dimotakis [10) but the

quency shifting to be of use in the present work.r results are equivalent.
Consider a particle that crosses N unshifted
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The particles move with the fringe velocity used to avoid taking biased data or determining if
when Cos * = VF/VT and no fringes are crossed, data already taken is subject to significant
The probability given by Equation (10) is zero or fringe bias.
less when:

Methods of determining whether a significant
(1) Icos * - VF/VTI 4 Q. fringe bias exists in the data require finding POl

for each data point. This only requires determin-

Equation (11) defines a dead zone of conditions ing the angle of the velocity vector in addition

for which less than NF fringes are crossed and the to the velocity magnitude, which is needed for

probability is taken as 0. These dead zones are velocity bias correction, see Equation (12).
shown for two orthoganal LDV channels in Fig. 14 Monitoring of the mean P0l, its standard devia-

for Q a 8/22 using the coordinate system in Fig. tion, and the minimum PO of population samples

13. In a coincident two channel LDV system, what would provide the experimentalist with information

is dead to one channel is dead to the system, to judge whether or not data is fringe biased.
Low minimum values of Po indicate a likelihood

The probability that a particle will cross that data are missed due to vectors occurring, in

the required number of fringes in both coincident the dead zone. A large variation of Pal within a

channels is: sample population would indicate fringe bias Is
significant enough to change the measured velocity

2 field statistics from the true values. As an
f0e0l fistis from the mixin

(12) PO example, fringe biased data taken in the mixing

(Cos VF/VT) layer reattachment region had a mean Pol = 0.87, a
F0/VT)2standard deviation co = 0.18, and a minimum PoI =

0.0. Data taken with a fringe velocity a factor

2 of 2.35 larger had corresponding values of 0.98,
Q1 0.02, and 0.83 for the mean, standard deviation,

x ([1- 0 V i and minimum Po, respectively.

( F/VT) The probability inverse, li/Po 1 , can be used

Contours of this coincident probability are as a bias correcting weighting function to formu-

indicated in Fig. 14. Figure 15 shows PoL versus late fringe bias corrected statistics for compari-

the instantaneous velocity angle with respect to son to uncorrected velocity field statistics

the positive channel one direction, *1, for (10]. Any substantial difference would indicate a

various ratios of the fringe velocity magnitude to significant fringe bias effect. The possibility

the instantaneous velocity magnitude. The often of P0 l = 0 requires setting a maximum allowable

cited rule of thumb that fringe bias is not weight.

significant for IVFI/VT > 2 is seen to be valid
for the value of Q used in this figure, 8/22. The above procedures were used in the missile

However, the probability, Pol, changes by more base flow studies and as a result of this effort

than a factor of two with changing *1 for Q = an optical configuration with a longer focal

16/22 at this velocity ratio. The advantage of length lens and therefore a greater fringe spacing

orienting the fringes such that #, is 450 with and fringe velocity was used in the reattachment

respect to the mean velocity for the shift region of the flowfleld in Fig. 1 than used in thedirections in Fig. 13 is apparent in Fig. 15. mixing layer. The use of optics that produce
needlessly large fringe spacings and probe volume

FRINGE BIAS DISCUSSION diameters to avoid fringe bias problems results in
poorer spatial resolution and lower signal

T'e use of Equations (10) and (12) is limited strength than necessary. Knowledge of the poten-

by a number of factors. First an accurate value tial fringe bias through the above analysis can

of Q is required. The value Q - 8/22 used in help select an optimal set of options for the

Figs. 14 and 15 is the calculated result for an problem under study.

optical configur tion used in the current study to
the nominal e intensity level. However, the 4. CONCLUSIONS

effective value of Q will depend on particle size,
gain levels, and thresholds and may vary for each Comparisons between velocity biased and

burst with particle size if the particle size biased corrected statistics were presented and

distribution is polydisperse. As a result it discussed. The effect of velocity bias on the

would be possible to get signals that are theo- velocity probability density function can be

retically in the dead zone from particles larger substantial and velocity bias corrections worked

than those for which the assumed value of Q is reasonably well in compensating for the effects of

accurate. This did occur for badly fringe biased the bias. The velocity bias changed the mean

data in the present study. Also, the analysis Is velocity and Reynolds shear stress appreciably in

for the full ellipsoidal measurement volume but in most cases but the effect on the root mean square

many cases forward scatter collection optics view velocity fluctuation level was not as substantial.

only a part of the measurement volume. These The two-dimensional inverse correction for

difficulties make the use of Pal as a corrective velocity bias was improved by the addition of an

weighting factor, see Dimotakis [10), somewhat estimated z velocity component term. Fringe bias

ambiguous. Nevertheless, this analysis can be effects were analyzed for two channel frequency
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9 EXPERIMENTAL STUDY OF SUPERSONIC FLOW OVER
BACKWARD-FACING STEP MODEL

M. Samimyt and A. L. Addytt
Department of Mechanical and Industrial Engineering

University of Illinois at Urbana-Champaign
1206 West Green Street

Urbana, IL 61801

An experimental study was conducted in which a Mach 2.07 flow with a
turbulent boundary layer thickness of 2.26 mm and a Reynolds number based on

i boundary layer momentum thickness of 12080 was separated at a 25.4 mm high
step. The separated boundary layer formed a shear layer which was reattached
to a wall parallel to the incoming flow direction. A detailed survey of the
flowfield was made utilizing a two-component laser Doppler velocimeter, LDV,
staLic pressure probes and a schlieren system. Turbulence properties of the
flowfield were extracted from measured instantaneous velocities and compared
to those of similar incompressible flows. In the free shear layer, the base
region, and the recompression region, the turbulent kinetic energy, shear
stress, and the turbulent third products showed good similarity between ccii-
pressible and incompressible flows. The turbulence production level was much
higher and the turbulent triple products were amplified much stronger in the
reattachment region for compressible flow. In the redeveloping region where
the changes in mean flow and turbulence properties are much faster in super-
sonic flows, there was not much similarity between supersonic and subsonic
flows.

.-

I

( t Graduate Research Assistant.
tt Professor and Acting Head.
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NOMENCLATURE

AE  = effective area of measuring volume

AM = measuring volume area to e-2 intensity level

f - frequency

h a step height

k = turbulence kinetic energy, (3/4)((u') 2 + (v')2)

L - mixing length scale

M = Mach number

NF = number of fringes required to be crossed

NT = total number of fringes in a measuring volume

p = pressure

P = probability of particle detection

Pr = start point of pressure rise and turbulence production

Q = NF/NT

r = reattachment

u = streamwise mean velocity
uc  = convection velocity of eddies

U = instantaneous velocity

u* = Van Driest generalized velocity

u T= friction velocity

v = transverse mean velocity

VT = total mean velocity

VF - fringe velocity

w = 1 - cos(wy/6), Coles wake function

x = distance from step along the model surface

y = height

= boundary layer thickness

= angle between instantaneous velocity and the normal
vector to the fringes

= wavelength

p = density

a - standard deviation

T B  - transit time of particle

< > - ensemble average

.p. ..
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, Subscripts

0 channel 0 or value of the step

j I channel 1

- incoming freestream value

- L local

p particle

pr start point of pressure rise

r reattachment

u streamwise

v transverse

w wall

Superscripts

(-) mean value

( )' fluctuation

J.yy

%-

.- .i

R
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INTRODUCTION

After years of intensive research, the mechanisms governing the highly
turbulent separated flow region at the base of a blunt body are not yet well
understood. Since the early 1950's, the analysis of supersonic base flows has
been carried out along two paths, namely the Chapman-Korst component model [1-
3] and the integral methods [4,5]. The objectives of these analyses were to
develop an understanding of the physics of the flowfleld at the base region of
a blunt body and to formulate a flow model for predicting the base region
pressure, temperature, and heat transfer characteristics.

The flow characteristics are very different in the expansion, mixing, re-
* circulation, reattachment, and redevelopment regions and are changing drasti-

cally through each region; therefore, each region has to be modeled and ana-
lyzed separately. The reattachment and redevelopment components are almost
always accompanied by a large adverse pressure gradient, streamline curvature,
and flow direction change and are characterized by high turbulence intensities
and production [6,7]. Yet, the reattachment and redevelopment processes have
received the least attention, most likely due to the fact that it is difficul
to obtain reliable data in this region. As a result, progress has been very
slow in analytical and computational modeling.

* The overall objectives of this study were to learn more about the physics
of the reattachment and redevelopment processes and to obtain some reliable
data for computational modeling purposes. Three sets of experiments were con-
ducted: a Mach 2.46 flow was separated at a step with no change in flow di-
rection and was attached downstream onto a 19.40 ramp, a Mach 2.07 flow was
separated at a step and was impinged on another free shear layer, and a Mach
2.07 flow was separated at a step and was reattached to a plane parallel to
the ircoming flow direction. In the first experiment, the effect of expansion
at the step was eliminated and the reattachment and redevelopment of a long
constant pressure free shear layer with a well defined initial condition was
studied. In the second experiment, the wall was removed by impinging one
shear layer on another. An attempt was made to match the approach freestream
Mach and Reynolds numbers to the reattachment in all three experiments. This
paper concerns the results of the last experiment, considered to be the tra-
ditional backstep base flow problem. The results for the two other experi-
ments are currently under analysis and will be presented in the literature
upon completion.

EXPERIMENTAL APPARATUS

Experimental Configurations

The test section of the wind tunnel is shown in Fig. 1. The wind tunnel
S width was 50.8 mm and the step height was 25.4 mm. The approach Mach number

the stagnation pressure, and temperature were 2.07 ±1.1 percent, 528.1 kN/m 2

t1.3 percent, and 2930 K t1 percent, respectively. The approach boundary
layer and momentum thickness, and Reynolds number were 2.26 mm, 0.18 mm, and
6.67 x 107/m, respectively.

Velocity measurements were carried out at 15 axial locations. These lo-
cations are shown in Fig. 1 as stations 1 through 15. All the velocity

.. . . . . . . . . . . .*. . . . . . . . . -- - * .
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measurements were made in a vertical plane passing through the centerline of
the model. Also, measurements were made in a vertical plane 8 mm off the
centerline of the model at stations 9 and 10 to check the two-dimensionality
of the flowfield near reattachment.

Pressure Surveys

The test model was instrumented with 0.5 mm diameter static pressure or-
fices on the centerline at the model floor spaced every 6.35 mm. Also, in
three locations in the reattachment region, spanwise static pressure orifices
were mounted and spaced every 9.5 mm to check the two-dimensionality of the
flowfield.

LASER DOPPLER VELOCIMETRY CONSIDERATIONS

A two-color, two-component laser Doppler velocimeter, LDV, was utilized
to make velocity measurements (see Fig. 2). A 600 mm focal length lens was
used to focus two pairs of incoming beams with 22 mm beam spacings to form two
sets of orthogonal fringes. Th fringe planes were +450 to the wind tunhel
axis. The measuring volume diameter and length were approximately 0.3 mm and
16.5 mm, respectively. The scattered light was collected 100 off-axis forward
scatter which reduced the measuring volume length to approximately 4.4 mm.
The fringe spacing was 13.56 um for the blue beam (.X - 488 nm) and 14.30 Um
for green beam (% = 514.5 nm) which gave, respectively, 542.4 m/s and 572 m/s
fringe velocities with 40 MHz frequency shifting. The time window for simul-
taneous measurements was varied from 1 us in the freestream to 5 Us in regions
where the velocity histogram included zero velocities.

Seed Particles

The LDV measures the velocity of light scattering particles embedded in
the flow. This is not necessarily the velocity of flow. Thus, the ability of
particles to respond to the fluctuations and mean flow gradients is of primary
concern. Particle generation, insertion, size distribution, and response to
flow fluctuations and gradieizs have received considerable attention [8-13].

.es In a moving particle frame of reference, the response of 1 micron parti-
cles for flow fluctuations is ranging from 20 to 40 kHz in different theo-
retical [11] and experimental [8,12] results. Turbulence is known in a fixed
frame of reference and the relation between turbulence frequencies in a fixed
frame of reference and moving particle frame of reference is a subject of con-
troversy. Assuming that the turbulence frequency relative to moving particles
is approximately the same as would be observed in a frame of reference moving
at the local mean velocity, then the turbulence frequency in two cases is re-
lated by

flfp Uc/(uc - u)J (1)

where f is turbulence frequency in a fixed frame, f is the frequency that
seed particles are subject to, and uc Is the convectiv velocity of eddies.

In a compressible turbulent boundary layer [14], f/fr is found to be 4 or
greater. In a compressible turbulent shear layer, Ikawa [15] showed
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that uc - u, 0.8u, and 1.5u in the middle, upper, and lower part of the shear
layer, respectively, therefore, f/fp ) 3.

For this investigation, particle generation was accomplished with an
atomizer documented to produce particles with a mean diameter of approximately
0.8 gm if a light oil is atomized. A low viscosity silicon oil was atomized
and the diameter of generated particles was estimated by measuring the relax-
ation of particle velocity downstream of an oblique shock wave [16,17]. The
results indicated that the mean particle diameter was approximately 1 um. As-
suming that f/f > 3 holds in the recompression, reattachment, and rede-
veloping regions , then the response of these 1 um particles should be adequate
to follow the turbulent fluctuations in the range of energy containing eddies
in most parts of the flowfield, except for the first part of the free shear
layer with very high frequencies.

Velocity Bias

The individual velocity realization type data processor was used in these
experiments. Since the probability of each measurement depends on the local
flow velocity and its direction, assuming a uniform seeding, it is recognized
that a simple averaging of the results will be biased [18,19]. The correclion
schemes for this bias include a weighting factor of I1/VTI or Tr for each
realization, where VT is the total velocity and T is the transit tme of the
particle. In these experiments J1/VTl was used8 as a weighting factor to
correct velocity bias.

Fringe Bias

In a highly turbulent flowfield, fringe biasing occurs because the LDV
signal processor requires a minimum number of fringes, NF, to be crossed
before a signal is accepted. Therefore, the effective measuring volume area
normal to the velocity vector, AE, is less than the total measuring volume
area, AM. The ratio of these areas for an ellipsoidal measuring volume is
given by Buchhave [20] as

AE = (1 - 02)(1 + tan 2 )(2)
" P =2'(2

M
where * is the angle between the instantaneous' velocity vector and the normal
vector to the fringe plane and Q = NF/NT where NT is the total number of
fringes. In fact, this area ratio is the probability of particle detection
with which each realization has to be weighted before the ensemble averaging
process.

For the case of frequency shifting, Eq. (1) becomes [17]:
P E = 1 - [O2/(0 - V2MUlcoso))2] [1 + tan 2  (3)

where VF is the fringe velocity and U is the magnitude of the instantaneous
velocity. For a two-component simultaneous measurement, the overall proba-
bility is

P0 1 = P0 x P1  (4)

<
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where P 0 and P 1 are the probabilities of particle detection in channels 0 and

All the experimental results are checked for fringe biasing. The dif -
ference between fringe bias corrected and uncorrected results was at worst 3
percent. Therefore, only the uncorrected results will be discussed here.

Spatial Resolution

The velocity determined from the LDV signal is assumed to correspond with
the velocity at the center of the measuring volume. In fact, the velocity ob-
tained is same type of average over the measuring volume. Also, the measured
turbulent fluctuations consist of the actual fluctuations, the fluctuations
due to the mean velocity gradients, and the fluctuations due to the gradients
of the actual fluctuations.

- In order to determine the effect of spatial resolution, some knowledge
Sabout the mean flowfield is required. Kried [21] and Karpuk and Tiederman

[22] investigated spatial resolution and, using some simplifying assumptions,
devised some schemes to determine errors. Assuming a linear mean velocity ,in
the measuring volume which is not a bad assumption for the most part of the
shear layer, the LDV measures the velocity at the center of the measuring
volume [22). With the assumption of linear mean velocity in the measuring
volume, the added false turbulence intensity in the worst case for this ex-

S periment was only 1.9 percent of the actual turbulence intensity.

Counter Clock Resolution

-~ ~-.The counters utilized two 250 MHz clocks with 90 degree out of phase with
each other giving ± ins resolution. The maximumi signal frequency was about
95 MHz which with 8 cycles counting the clock resolution was about
1.1 percent. Also, the clock resolution added about I percent false turbu-
lence to freestream turbulence.

Statistical Uncertainty

The data rate for these experiments was about 400 samples per second in
the freestream and decreased to about 20 samples per second in the base
region. 1024 samples were collected in the base region and 2048 samples else-
where. The local turbulence intensity in the base region was about 50 percent
which with 95 percent confidence interval led to an uncertainty of t3 percent
in mean velocity and ±3.5 percent in turbulence intensities. Elsewhere in the
flowfield the uncertainty was much lower.

j ~ Data Acquisition and Reduction

A schematic diagram of the data acquisition and reduction systems is
shown in Fig. 3. A 600 mmn lens was used to focus the four incoming beams to
form the measuring volume with two sets of orthogonal fringes. The light

4 scattered by the atomized silicon oil particles was collected by a 250 mm
lens. The blue and green scattered lights were separated and were given to
two photomultipliers. These signals were then given to the two counters. The
validated measurements by the two counters were checked for coincidental re-

S quirement satisfaction and transferred into the memory of a PDP-11/03 mini-
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computer by a direct access memory board. The mean velocities, turbulence in-
tensities, and histograms obtained for both channels were plotted on the PDP-
11/03 for immediate check of data. The raw data stored on floppy disk was
later transferred to a PDP-11/34 mini-computer and stored on hard disks and
magnetic tapes. Finally, the data were transferred from magnetic tape to the
CYBER 175 for detailed analysis.

RESULTS AND DISCUSSION

Pressure Surveys

The wall pressure distribution is given in Fig. 4. At the step, static
pressure decreased to the base pressure and then stayed constant for about 1.6
step heights. Reattachment occurred at about 2.76 step heights downstream of
the step while complete pressure recovery was achieved in about 5 step
heights.

Upstream Boundary Layer

An equilibrium flat-plate boundary layer with boundary layer and mome~itum
thicknesse,s of 2.26 mm and 0.18 mm, respectively, and a Reynolds number of
6.69 x 101/m approached the step. A 250 mm lens with a measuring volume di-
ameter of 0.13 mmn and length of 1.82 mm was used for the velocity surveys.

Researchers agree that the logarithmic law of the wall and Coles wake law
combined with the Van Driest compressibility transformation [7,23-261 is a
successful scheme for correlating the similarity of compressible boundary
layer profiles. Maise and McDonald [25], using this scheme, defined a single
curve and could collapse experimental data from numerous equilibrium com-
pressible boundary layer data with Mach numbers ranging from 1.47 to 4.93.
The scatter in data was about 30 percent. Figure 5 shows the boundary layer
data of the current investigation in comparison with the Maise and McDonald
curve. The maximum difference between the present data and the curve is ap-
proximately 15 percent which indicated that the boundary layer was in equi-
librium.

Figure 6 shows the present turbulence intensity data in the boundary
layer which follows the general trend of LDV data of Petrie [17] and Johnson
[10] and the hot-wire data of Dimotakis [27]. Also shown in Fig. 6 is the in-
compressible hot-wire data of Klebanoff [28]. The considerable scatter in the
data could be the result of inappropriate scaling or due to experimental
errors.

Figure 7 shows shear stress distributions in the boundary layer. The
shear stress values on the wall are obtained from the mean velocity distri-
bution. Petrie's [17] data agree in general trends and magnitudes with the
present results. Johnson's [10] data falls off as it gets closer to the wall,
which seems unrealistic. Johnson's results are questionable for three
reasons. First, he did not measure the shear stress directly. Second, his
sample size was only 100 which leads to an uncertainty of about 10 percent.
Thirdly, he rejected all the samples beyond ±3 standard deviations which will

C result in a lower shear stress as it gets closer to the wall.

4VU
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Two-Dimensionality of the Flowfield

Two-dimensionality of the flowfield at the reattachment region was
checked using several methods. First, as shown in Fig. 4, there was no over-
shoot of the wall pressure in the redeveloping region which indicated that

.~, there was no three-dimensionality in the flowfield. Secondly, the spanwise
pressure measurement in three locations, see Fig. 4, showed that in one-half

! of the span width pressure was within the accuracy of measurements, but close
to the wall pressure increased approximately 6 percent. Thirdly, coating the
floor in the reattachment region with a steam engine oil-zinc oxide mixture
showed that there was about I/8th of the span width side wall effect from each
side and then a reattachment line at the middle. This line deteriorated to-
wards the side walls. Fourthly, velocity measurements were made at Stations 9
and 10 at t8 mm off the centerline. The results showed that the velocity
field was uniform. Overall, the flowfield proved to be two-dimensional except
very close to the side walls which showed some side wall effects.

:-: Mean Velocity Surveys

The mean velocity vector field and streamwise mean velocity profileslare
shown in Figs. 8 and 9. Three distinct regions were seen to exist. The first

.. '. region was the large separation region with negative velocities reaching
nearly 30 percent of the freestream values, similar in magnitudes to measure-
ments made by Delery [29]. In this base region, the mean velocity gradients
in the streamwise and transverse directions were very small. The second dis-
tinct region was the shear layer, which showed relatively constant velocity

A gradients similar to incompressible flows [30]. Lastly, the third distinct
region was the redeveloping boundary layer in which there was a rapid "filling
out" of the velocity profiles in a relatively short distance from reattach-
ment.

The rapid "filling out" of the velocity profiles in the redeveloping
region was also noticed by Settles, et al. [7]. In this region, Bradshaw and

• . Wong [31] and Chandrsuda and Bradshaw [32] in incompressible flow and Settles,
et al. [7] in supersonic flow showed that the data fell below the logarithmic
wall-wake law. In fact, Bradshaw and Wong [31] found that this behavior was
persistent up to about 50 step heights downstream of reattachment. They con-
cluded that the turbulent length scale and mixing length in the redeveloping
region must be abnormally large [7,31,2].

The mixing length is defined as

L (-< u'v' > 1/2 (5)

and is shown in Fig. 10. The mixing length scale was very large in the re-
developing region. It was almost constant across the shear layer and in the
streamwise direction until the reattachment region. It started increasing
from the reattachment region and continued to grow in the redeveloping region
up to the last station.

Turbulent Fluctuations Surveys

The streamwise turbulence intensity distribution is shown in Fig. 11. In
a vertical station, turbulence intensity started increasing from the upper
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edge of the shear layer and reached a maximum level around the middle of the
shear layer which was coincident with the sonic line, see Fig. 1. Afterwards
the turbulence intensity decreased toward the lower edge of the shear layer
and stayed relatively constant in the base region. This trend continued up to
the start of pressure rise, after which turbulence intensity was not constant
in the base region anymore. Turbulence intensity increased drastically in the
pressure rise region and stayed very high until reattachment and gradually de-
creased in the redeveloping region. At the last station, the turbulence in-
tensity was still higher than that of the incoming boundary layer.

* The flowfleld revealed a strong anisotropy throughout the flowfield, see
Fig. 12. The anisotropy was strongest in the reattachment region where the
streamwise turbulence fluctuation w'as larger than the transverse turbulence
fluctuation by a factor of 4.

The streamwise local turbulence intensity fluctuations are given in
*Fig. 13. At the lower edge of the shear layer where the local mean velocity

was very, smallI, the local turbulence intensity was the highest. In the re-
compression region around the sonic line, the turbulence intensity was about
50 percent. Also, in the base region the turbulence intensity was about 50
percent.

Figure 14 shows the distribution of the kinetic energy. The spanwise
turbulence intensity was assumed to be between the streamwlse and the trans-
verse intensities. Figure 14 shows the same trends as the streamwise turbu-
lence intensity. One important fact to notice was that the turbulence kinetic
energy in the base region was quite high.

Figure 15 shows the shear stress distribution. It shows the same trends
as the streamwlse turbulence fluctuations with two differences. First, in the
base region the shear stress was quite low while this was not the case in the
turbulence fluctuations. Second, the shear stress values were significantly
higher in the redeveloping region than those of the reattachment region. This
definitely suggests the existence of the large eddies which have been pointed
out by other research efforts [7,31,32].

Figure 16 shows the maximum values of the turbulence intensities and
shear stress. The streamwlse turbulence intensity increased mildly up to the
beginning of the pressure rise. Then, it increased drastically and stayed
constant up to reattachment and fell off gradually in the redeveloping
region. The general pattern and values were comparable to incompressible
flows [32,33],

The transverse turbulence intensity increased slowly up to reattachment,
stayed constant through reattachment, and decreased gradually in the rede-
veloping region.

PhTwo maximum shear stress terms are shown in Fig. 16. The - < u v' >
tern increased gradually up to the core of recompression and started falling
off before reattachment. The general pattern and values are very similar to
those of incompressible flows [32,33]. The -p< u'v' > tern increased even
through reattachment and fell off slowly afterwards. Also, the values areII much lower than those of incompressible flows.
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The decay of the shear stress in the reattachment region is a subject of
current controversy. Bradshaw and Wong [31] believe that the pairing eddies
in the free shear layer were torn in two in the reattachment region and caused
the shear layer to decay. But Chandrusda and Bradshaw [32] and Kim, et al.
[34] believe that some of the eddies proceed downstream while the others re-
turned upstream and caused the shear stress to fall off. The existence of
much larger stresses at the beginning of the redeveloping region makes one be-
lieve that neither of the two hypotheses would hold for compressible flows.

Turbulent Triple Products

In turbulence modeling using the turbulent kinetic energy or shear stress
transport equation, one has to model turbulen triple prqducts. All fo r com-
ponents of the triple products <(u') 3>, <(u') v'>, <(v') >, and <u'(v') > were
obtained from experimental {esults. Since they showed similar trends and
general features, only <(u')> will be discussed here.

Figure 17 shows the <(u') 3> component as a typical example. The triple
products showed an almost axisymmetric feature about the center of the shear
layer, peaking up on both sides and then approaching zero in both edges if the
shear layer. Since the origin of the triple products are large eddies, they
were essentially zero in the base region. The triple products were signifi-
cantly amplified in the recompression region and were decreased through the
redeveloping region with much faster decrease in the wall side. The incom-
pressible flow results of Chardrsuda and Bradshaw [32] and Driver and
Seegmiller £30) showed very similar features, except that there was not signi-
ficant amplification of triple products in the recompression region.

Turbulence Production

The turbulence production plays an important role in streamwise evolution

of the flow. The component of turbulence production which could be extracted
from experimental data with reasonable accuracy was the production by shear
stress. The turbulence production by shear stress is defined as

Pr = -' < u'v' > x (Ou/3y). (6)

In determining the average density from measured surface pressure, it was as-
sumed that the pressure gradient in the transverse direction was negligible.

As shown in Fig. 18, the turbulence production was maximum around the
sonic line ard decreased toward the edges of the shear layer. There was no
turbulence production in the base region. The range of the high turbulence
production region across the shear layer and the maximum value of the turbu-
lence production increased in the reattachment region. Gaviglio, et al. [6]
observed the same kind of trend. The turbulence production in incompressible
flow plotted at a few stations by Chandrsuda and Bradshaw [32] showed lower
production level in incompressible flow.

Production level in the redeveloping region was quite high and decreased
drastically in the streamwise direction. This behavior was also reported by
Gaviglio, et al. [6].



160

CONCLUSIONS

The detailed experimental results of a flowfield were presented in which
an equilibrium boundpry layer with an edge Mach number of 2.07 and Reynolds
number of 6.69 x 10 /m was separated at a step and reattached on a surface
parallel to the incoming flow direction. The recompression, reattachment, and
redevelopment of the shear layer were investigated using a two-component LDV
system, schlieren photographs, and static pressure probes. The following con-
clusions were drawn:

1. The turbulent field showed a strong anisotropy in the free shear layer,
recompression, and reattachment regions. The maximum anisotropy was lo-
cated around the sonic line with the ratio of the streamwlse fluctuations
to the transverse fluctuations in excess of 4.

2. The turbulent kinetic energy showed a pattern and magnitude similar to
those of incompressible flow. It increased in the free shear layer,
plateaued in the recompression region, and decreased gradually after re-;
attachment. The turbulent kinetic energy was relatively high and constant
in the base region.

3. The shear stress was extremely high in the redeveloping region which sug-
gested the existence of very large eddies. The shear stress was also
quite high in the recompression region. In the base region, the shear
stress was very low.

4. The production of turbulence was high in the recompression region and
higher in the redeveloping region.

5. The turbulence triple products showed a feature similar to that of the in-
compressible flow. The amplification of triple products was much higher
than that of incompressible flow.

6. The mixing length scale was relatively small and constant in the free
shear layer, but it was extremely high and increased in the streaniwise di-

* rection in the redeveloping region.

7. In the redeveloping region, the changes in the mean flow and the turbulent
properties were tremendous and there was not much comparison between
supersonic and subsonic flows.
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EFFECTS OF EXPANSION AT THE STEP ON TURBULENCE
CHARACTERISTICS OF COMPRESSIBLE FREE SHEAR LAYERS

M. Samimy* and A. L. Addy**
Department of Mechanical and Industrial Engineering

University of Illinois at Urbana-Champaign

The gross effects of expansion on turbulence characteristics of develop-

ing free shear layers was experimentally investigated by geometrical separa-

tion of a Mach 2.46 and a Mach 2.07 turbulent boundary layer flows from a

backward-facing step. In the first set of experiments, the wind tunnel test

section was designed to obtain flow separation at the step without any flow

expansion or compression. In the second set of experiments, the static pres-

sure dropped to approximately 30% of the incoming static pressure at the step

of a classical backstep model. The severe distortion of the turbulence field

by the expansion produced stronger anisotropy and significantly higher turbu-

lence fluctuations and shear stresses in the developing shear layer of the

simple backstep model which is in contrast to the previous reported results of

decaying turbulence through the expansion. Also, significant distortion in

the v component mean velocity in the backstep model was observed.

'.'. NOMENCLATURE

h Step height

M Mach number

p Pressure

u Mean velocity in the streamwise direction

v Mean velocity in the transverse direction

x,y Horizontal and vertical coordinates

* Visiting Research Assistant Professor.

* Professor and Associate Head.
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Y.5 y coordinate distance where u = 0.5ue

6 Boundary layer or shear layer thickness, where u 0.99 ue

0 Density

Standard deviation with subscript u or v

Subscripts

Mean value

Fluctuation from mean value

Superscripts

e Adjacent freestream value

max Maximum value

w Wall value

ft Freestream value before separation

o Value of the boundary layer parameter before separation

o,.5,.99 Location where u = 0, 0.5ue, and 0.99 ue

INTRODUCTION

The rapid expansion of compressible turbulent boundary layer at a separa-

tion corner and its effects on formation of free shear layer have been the

subject of numerous investigations [1-15]. The state of the incoming boundary

layer [10], the geometry of the separation corner El], and the turbulence

structure of the incoming boundary layer [12] have cited as significant influ-

ential parameters on the separation process of the boundary layer and forma-

tion process of the shear layer.

Flow visualization techniques have shown that the expansion of turbulent

boundary layer causes the boundary layer turbulence to decay E13,14). Hot-

wire results of Lewis and Behrens [0] in the near wake of a wedge at Mach 4

showed existence of two-layer shear layer. The outer layer which was a rem-

nant of the boundary layer was turbulent but the turbulence level decayed in
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the streamwise direction and the inner shear layer was laminar. Also, the

base region was observed to be laminar C10]. Narasimha and Viswanath [15]

examined data from numerous investigations and concluded that for Ap > 75To

the relaminarization of turbulent boundary layer takes place and for Ap <

60TO, no relaminarization occurs.

The objectives of this study were to investigate the near wake flowfield

and to examine the effects of expansion on the turbulence field in the near

wake. The detailed results of this investigation provides a good data base

for computational modeling.

EXPERIMENTAL PROGRAM

A series of experiments were conducted in a small scale blowdown wind

tunnel facility. The test models with corresponding wall pressure distribu-

tions are shown in Fig. 1. The wind tunnel width was 50.8 mm and the step

height was 25.4 m. The flow is left to right in both models.

The u mean velocity component and the corresponding turbulence fluctua-

tions were chosen to correspond to the freestream flow direction; parallel to

the x-coordinate at x = -2 mm in the simple backstep model and at x = -2

through x = 89.85 mm in the ramp model and rotated 15.39 degrees in the clock-

wise direction relative to the x-coordinate in the backstep configuration at x

=8 through x = 38 mm. The v mean velocity component and the corresponding

turbulence moments were maintained orthogonal to the u component in both

models.
:.

The approach Mach numbers, Reynolds numbers, stagnation pressures and

temperatures for the ramp and backstep configurations were (2.46 and 2.07),

a'. M(5.01 x 101/m and 6.69 x 101/m), (528.1 and 528.1 kPa), and (297 and 293K),

-. . respectively. The approach boundary layer and momentum thicknesses for the

ramp and the backstep configurations were (3.12 and 0.25 mm) and (2.26 and
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' % 0.18 m), respectively. The freestream velocity and Mach number for the ramp

and backstep configurations before separation were (571.8 m/s and 2.46) and

(520.76 m/s and 2.07), respectively, and for the backstep configuration after

separation were (594.59 m/s and 2.74).

The Laser Doppler System

A two-component laser Doppler velocimeter (LDV) system was used to make

the velocity measurements. The frequency of one beam of each beam pair was

shifted by 40 MHz in order to detect velocity direction. A 250 mm lens was

used for the boundary layer survey in both configurations and the shear layer

survey in the ramp model and a 350 mm lens was used for the shear layer survey

in the backstep configuration. The measurement volume diameter and length for

the 250 mm and 350 mm lenses were (0.131 and 1.83 m) and (0.183 and 2.56 mm),

respecti vel y.

Seed particle generation was accomplished with a TSI Inc. six-jet

atomizer. A 50 cP silicone oil was atomized and the effective mean diameter

of the generated particles was estimated by measuring the relaxation of the

velocity profiles downstream of an oblique shock wave [16]. The results indi-

cated that the effective mean particle diameter was approximately 1 Pm. The

two-dimensional velocity inverse weighting factor was used to correct for

possible velocity bias [17,18]. The measurement errors due to spatial resolu-

Ation were estimated to be approximately 0.9% in the mean velocity and 1.9% in

the turbulence intensity in the worst case. The statistical uncertainty due

to limited sample size was estimated to be approximately t 3% in the mean flow

and t 3.5% in the turbulence intensity in the worst case which occurred in the

base region of both configurations.

Ot.A
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Incoming Boundary Layers

The approach boundary layer and momentum thicknesses for the ramp and

' >backstep models were (3.12 and 0.25 mm) and (2.26 and 0.18), respectively.

IP The ratio of momentum thickness to boundary layer thickness was 0.0792 for the

ramp and 0.0798 for the backstep, respectively. These values were approxi-

mately 10% and 5% higher than the theoretical values of Maise and McDonald

[19J. The mean velocity profiles of the incoming boundary layers of the

present study compared very well with the generalized profile of Maise and
.,

McDonald [19]. The maximum deviation of the present data with the curve of

-Maise and McDonald were approximately 5% for the ramp and 7.5% for the back-

step results [17,18]. The boundary layer shear stress profiles showed a good

agreement with the "best estimate" of Sandborn [17,20].

Static Pressure Results

The static wall pressure distribution non-dimensionalized by the static

pressure before the step is shown in Fig. 1. The accuracy of the pressure

measurements was approximately t 0.6%. The pressure change in the streamwise

direction in the ramp configuration was less than 4% from 12.5 mm before the

separation to 96 mm after the separation. In the backstep configuration, the

'I- pressure at the separation point decreased to approximately 30% of the pres-

sure before the step and then there was a gradual decrease of 1.8% up to x =

4- 25 mm. Downstream of this point, the pressure increased gradually up to x =

* 46 mm where 'the sharp increase in pressure due to reattachment started. In

both configurations, there was 1 to 2% pressure decrease from the freestream

iA to the floor of the models.

• .4.T. . . . . . .. . . . . . . . . . .

-p'.'-. '-" ----;-< -' ". .-, ".Z--" '. '-'v
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Mean Flow Results

The streamwise mean velocity profiles are shown in a non-dimensionalized

-' y coordinate in Fig. 2. The variable 6 is the shear or boundary layer thick-

ness, a = y.99 - yo, where yo, y.5, and y.99 are the locations of u = 0,

0.5Ue, and 0.99ue. The sonic line and u = 0.5ue locations were nearly coinci-

dent all the way from the step to the redeveloping region in both configura-

tions [17,18]. As can be seen in Fig. 2, the shear layer in the ramp configu-

ration is in local equilibrium for x > 20 mm and in the backstep configuration

for all of the survey stations. Thus, the expansion does not appear to affect

the mean flow in the streamwise direction. There is some scatter in data in

the lower part of the shear layer in both configurations which is the direct

influence of the recirculating flow.

The growth rate of the free shear layer was 0.093 for the ramp configura-

tion and 0.076 for the backstep configuration. These values were much higher

than 0.062 reported by Ikawa and Kubota [21] for a constant pressure shear

layer without any recirculation. The higher growth rates appear to be caused
.

by the recirculating flow. In both configurations, there was a single clock-

wise recirculating bubble with the bubble in the ramp configuration being

approximately twice as large as the bubble in the backstep configuration. The

larger bubble in the ramp configuration caused more entrainment of flow by the

.5 PSshear layer in the ramp configuration and thus a larger growth rate of the

shear layer. The maximum negative velocities in the base region were 0.20ue

for the ramp and 0.26ue for the backstep configuration.

Figure 3 shows the transverse component mean velocity distributions for

both configurations. In the ramp configuration, the transverse velocity

OP within the shear layer shows positive values for x 4 40 mm which is consistent

with the other compressible free shear layer results [22]. On the other hand,
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the backstep configuration results show negative velocities above the sonic

line and positive velocities below the sonic line within the shear layer. The

difference between two shear layer results appears to be a structural differ-

ence and the cause is the expansion of the boundary layer at the step in the

backstep configuration. Even though the u and v component velocities show the

velocities in the streamwise and the transverse direction, the actual survey

of the shear layer in the backstep configuration was carried out in the y

direction which was 15.39 degrees off from the normal to the free shear layer

direction. Thus, the reported v component values should be treated with

caution.

The streamwise component turbulence intensity distributions in both con-

figurations showed a very pronounced peak which developed just downstream of

separation and gradually spread as the shear layer grew [181. The first

survey stations in the ramp and backstep configurations were 10 and 8 nm from

the step, respectively. The maximum turbulence intensities in these stations

were 12.7 and 16%, respectively, which were approximately 1.8 and 2.4 times

higher than the maximum turbulence intensities of the incoming boundary

layers, respectively. Thus, it appears that the expansion of the boundary

layer in the backstep model not only did not decay the turbulence, but

enhanced the turbulence. This is in sharp contrast with Schlieren photographs

[13,14] and some hot-wire measurements [10] which showed relaminarization of

turbulence boundary layer after expansion. In the backstep experiments, the

pressure drop through the expansion fan, Ap, was approximately 140 times the

incoming boundary layer wall shear stress, To. Based on examination of some

experimental data, Narasimha and Viswanath [151 concluded that for ap >

1 75T o , the relaminarizatlon takes place which does not agree with the present

results. Since the first survey station is 3.5460 downstream of the step, one
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might think that the relaminarization and subsequent transition have already

taken place within this distance which does not seem to be likely.

The maximum turbulence intensities and shear stresses are shown in Fig. 4

for both configurations. As can be seen in Fig. 4, just downstream of the

separation, the turbulence intensity and shear stress values are higher in the

backstep configuration and these high level fluctuations continue all the way

downstream. The maximum turbulence intensities in the streamwise and trans-

verse directions reached approximately (15% and 7.5%) for the ramp and (22%

and 7.5%) in the backstep configurations, respectively. The shear stress

values show similar trends and similar differences. The ratio of the maximum

u intensity to the maximum v intensity in the shear layer region was approxiL

mately 1/2 for the ramp configuration which did not change from that of the

incoming boundary layer, but this ratio was 1/3 for the backstep configura-

tion. Petrie, et. al. [22] reported a value of 1/2 for this anisotropy ratio

in a compressible shear layer without expansion and Champagne, et. al. [23]

reported 2/3 for subsonic shear layer. This high anisotropy level, as well as

the high turbulence fluctuations level in the free shear layer of the backstep

configurations, are believed to be the direct result of the distortion of the

turbulence field passing through the expansion waves at the step.

The maximum streamwise turbulence intensities in the recirculating flow

of the ramp and backstep configurations were approximately 4% and 7%, respec-

tively, in the first vertical station and 13% and 15%, respectively, in the

last vertical station in the constant pressure free shear layer region.

Again, the high turbulence level in the base region of the backstep configura-

tion is in contrast to the results of Lewis and Behrens [10] which showed a

laminar base region with incoming turbulent boundary layer. The shear

stresses in the recirculating region in both configurations of the present
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study were much smaller in comparison with the normal stresses which could be

an indication of flapping motion of the shear layers.

CONCLUSIONS

A detailed experimental results of free shear layers formed by the geo-

metrical separation of turbulent boundary layers from a backward-facing step

with and without expansion at the step were presented. These results contra-

" dicted some of the earlier findings about the effects of expansion on turbu-

lence characteristics of compressible turbulent boundary layer. The expansion

at the step did not decay the boundary layer turbulence level as expected but

increased it by a factor of 2.4. The recirculating flow appeared to be turbu-

lent in both configurations. Also, the expansion caused a significant distor-

tion in the v component mean velocity. More experimental data especially

close to the step are needed to investigate probable relaminarization of the

turbulent boundary layer through the expansion and subsequent transition loca-

tion, if there are any.

ACKNOWLEDGMENT

This research was supported by the U.S. Army Research Office under con-

tracts DAAG 29-79-C-0184 and DAAG 29-83-K-0043. Dr. Robert E. Singleton

served as the Contract Monitor.

1,', REFERENCES

1. Weinbaum, S., "Rapid Expansion of a Supersonic Boundary Layer and Its
Application to the Near Wake," AIAA Journal, Vol. 4, No. 2, February
1966, pp. 217-226. Also Avco-Everett Research Report RR204, 1965.

2. Small, R. D. and Page, R. H., "Turbulent Boundary Layer Shape After a
Corner Expansion," Aeronautical Journal, March 1973, pp. 146-147.

3. Pirri, A., "Decay of Boundary-Layer Turbulence in Near Wake of a Slender
Body," AIMA Journal, Vol. 10, No. 5, 1972, pp. 657-663.

4. Bradshaw, P., "The Effect of Initial Condition on the Development of a
Free Shear Layer," Journal of Fluid Mechanics, Vol. 26, 1966, pp. 225-
236.

,..>. . :.' -,. .', ;", , . -'.",, , .. '." -. . .. , .v""L'' ",._. , . -' " "', ,R --:', . "" '2 ... .iS", .' ."- >",.'.-'. . *.* . . . .'-:.



12

5. White, R. A., "Effect of Sudden Expansions or Compressions on the Turbu-
lent Boundary Layer," AIAA Journal, Vol. 4, 1966, pp. 2232-2234.

6. Nash, J. F., "An Analysis of Two-Dimensional Turbulent Base Flow, Includ-
ing the Effect of the Approaching Boundary Layer," Aeronautical Research
Council R&M No. 3344, 1963.

7. Hama, F. R., "Experimental Studies on the Lip Shock," AIAA Journal, Vol.
6, No. 2, 1968, pp. 212-219.

8. Hama, F. R., "Estimation of the Strength of the Lip Shock," AIAA Journal,
* Vol, 4, No. 1, 1966, pp. 166-167.

9. Gerhart, P. M., "A Study of the Reattachment of a Turbulent Supersonic
Shear Layer with Closure Condition Provided by a Control Volume
Analysis," Ph.D. Thesis, University of Illinois at Urbana-Champaign,
Department of Mechanical and Industrial Engineering, 1971.

10. Lewis, J. E. and Behrens, W., "Fluctuation Measurements in the Wake with
and without Base Injection," AIAA Journal, Vol. 7, No. 4, 1969, pp. 664-
670.

11. Roshko, A. and Thomke, G. J., "Effect of Shoulder Modification on Turbu-
lent Supersonic Base Flow," AIAA Journal, Vol. 5, No. 4, pp. 827-829,
1967.

12. Bradshaw, P., "The Effect of Mean Compression of Dilation on the Turbu-
lence Structure of Supersonic Boundary Layers," Journal of Fluid
Mechanics, Vol. 63, 1974, pp. 449-464.

13. Small, R. D. and Page, R. H., "Turbulent Supersonic Boundary Layer Flow
in the Neighborhood of a 90' Corner," Astronautica Acta, Vol. 18, No. 2,
1973, pp. 99-107.

14. Page, R. H. and Sernas, V., "Apparent Reverse Transition in an Expansion
* Fan," AIAA Journal, Vol. 8, No. 1, 1970, pp. 189-190.

15. Narashima, R. and Vlswanath, P. R., "Reverse Transition at an Expansion

Corner in Supersonic Flow," AIAA Journal, Vol. 13, No. 5, pp. 693-695,
1975.

- 16. Petrie, H. L., "A Study of Compressible Turbulent Free Shear Layers Using
Laser Doppler Velocimetry," Ph.D. Thesis, University of Illinois at
Urbana-Champaign, Department of Mechanical and Industrial Engineering,
1984.

17. Samimy, M., Petrie, H. L., and Addy, A. L., "A Study of Compressible Tur-
bulent Reattaching Free Shear Layers," AIAA Paper 85-1646, 1985.

18. Samimy, M., "An Experimental Study of Compressible Turbulent Reattaching
Free Shear Layers," Ph.D. Thesis, University of Illinois at Urbana-
Champaign, Department of Mechanical and Industrial Engineering, 1984.

z



19. Maise, G. and McDonald, H., "Mixing Length and Kinematic Eddy Viscosity
in a Compressible Boundary Layer," AIAA Journal, Vol. 6, No. 1, 1968, pp.
73-80.

S"20. Sandaborn, V. A., "A Review of Turbulence Measurements in Compressible
Flow," NASA TM x-62, 337, March 1974.

p 21. Ikawa, H. and Kubota, T., "Investigation of Supersonic Turbulent Mixing

Layer with Zero Pressure Gradient," AIMA Journal, Vol. 13, No. 5, 1975,
K pp. 566-572.

22. Petrie, H. L., Samimy, M., and Addy, A. L., "A Study of Compressible Tur-
bulent Free Shear Layers Using Laser Doppler Velocimetry," AIM Paper 85-
0177, 1985.

23. Champagne, F. H., Pao, Y. H., and Wygnanski, I. J., "On the Two-Dimen-

sional Mixing Region," Journal of Fluid Mechanics, Vol. 74, Part 2, 1976,
~ pp. 209-250.

=.

9

a"

i

- °



14

3 1 T- I I T- I I I I I V- I

Wall Pressure Distribution
M®=2.46, h=25.4 mm

2 19.4 deg. Ramp
e

0.

_ Reattachment

0 1 I0 000000000 00000 IJ

-30 0 30 60 90 120 150 180

x, mm

(a) Ramp configuration results.

2.5 , , ' , , , , , ,

Wall Pressure DisTribution
2.0- M =2.07, h=25.4 mm

81.5 -
".R" eatRtoeatachment
3

o. 1.0 0e e ee e e e

e

0.5 ®0

0.0 --20 0 20 40 60 80 100 120 140 160 180
x, mm

(b) Backstep configuration results.

Figure I Wall static pressure distributions measured on
the models centerline.

,*,,. * ,.,.



S1.0 MM
ii:," 1.o _ ,. xM 10.00 , 1,'

0.8 - 0 20.00
0 30.00
x 40.00

*- 0.6 - 50.00
+ 60.00

0-4 69.85
0. 79.85

0.2 * 89.85

, 0.0 &

-. 2
-3 - 0

(Y-Y. 5)/1
(a) Ramp configuration results.

1.1 , , , , ,

0.9

0.7 x(mm)

0.5 8
4.e 12

" 0.3 
£ 18
* 28

0.1 x 38
4.B -.1 , m ® *

0 2

' .-. 3 jXI II 1I
-2 -1 0 12

C' (Y-Y. 5 )/8
(b) Backstep configuration results.

Figure 2 Correlated streamwise mean velocity profiles.

S



100.
- Mean Velocity Profiles, v/u6

80.- M0=2.46 u,,=571.82 m/s

60. 19.4 deg. Ramp 50=3.12 mm

E 4o. -x--2 10 20 30 40 50 60 70 80 90
E

-20.

-20. '

-40.1
0 1 2 3 4 5 6 7 8 9 10 1

Station Number

(a) Ramp configuration results.

40.

3 Mean Velocity Profiles, v/u 8
30. M0=2.07 u0=520.76 m/s

20. 0=2.26 mm

E1.-x= -2 8 1 2 18 28 38

0.

-: ..- 10 V.

-20.

-30. I

0 1 2 3 4 5 6 7 8
Station Number

(b) Backstep configuration results.

Figure 3 Transverse component mean velocity profiles.



S (n 40.

VA 1000C-<uv>/u 1))
C 30. * 2000(-,6<u'v>/(Au*'))

20.

E10.

~0.-
-5 5 15 25 35 45 55865 75 85 95

X1 mm
(a) Ramp configuration results.

~ 50. 0 10'0Cou/u.) I

0 200(cVIuo)
(A 40. 1000(-<U'v>/(u 2 ))
C

W~ 2000 (-%U'v>/(a.U. 2))
~30.

E 20.

E0.

-10 0 10 20 30 40
x9 mm

(b) Backstep configuration results.

Figure 4 Maximum turbulence fluctuations and shear stresses.

Je



, rs 7W W .T L W -.- rtrrrr :- r . rr''UVUnV - rVW . .J ".r - , ; , . ,.' ni , rwi ''s, t W L u- - .w |

SSECTION B.5

A STUDY OF COMPRESSIBLE TURBULENT REATTACHING
FREE SHEAR LAYERS

Paper No. AIAA-85-1646

Presented at the AIAA 18th Fluid Dynamics
and Plasmadynamics and Lasers Conference

Cincinnati, Ohio

July 16-18, 1985

- .by

M. Samimy, H. L. Petrie, and A. L. Addy

r.. 

.



AIAA-85- 1646
A Study of Compressible Turbulent
Reattaching Free Shear Layers
M. Samimy and A. L. Addy, Univ. of

2o Illinois at Urbana-Champaign;
and H. L. Petrie, U.S. Army Missile Lab.,
Redstone Arsenal, AL

I

I

AIAA 18th Fluid Dynamics and
r Plasmadynamics and Lasers Conference

July 16-18, 1985 / Cincinatti Ohio

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
*9 . . 1633 8roadway, New York, NY 10019



A STUDY OF COMPRESSIRLE TURBULENT REATTACHING FREE SHEAR LAYERS

M. Samimy* H. L. Petrie**
University of Illinois U.S. Army Missile Laboratory
at Urbana-Champaign Redstone Arsenal, Alabama

T A. L. Addy;
University of Illinois

at Urbana-Champaign

Abstract 9 Density

An experimental investigation was conducted a Standard deviation with subscripts u
* to study the two-dimensional, compressible, or v

turbulent reattaching free shear layer formed by
the geometrical separation of a Mach 2.46 flow T Shear stress
with a turbulent boundary layer and a Reynolds

" number of 5.01 x 107 /m from a 25.4 mm high c > Ensemble average
backward facing step. The wind tunnel test
section was specifically designed to obtain a Superscripts

.- constant pressure separation at the step. A
detailed survey of the flowfield was made utiliz- Mean value
ing a Schlieren system, static pressure taps, and
a two-component coincident laser Doppler Fluctuation from mean value

' velocimeter. In contrast to Incompressible
. reattaching free shear layers, significant Subscripts

increases in the turbulence level, shear stress,
and turbulent triple products were observed within max Maximum value
the reattachment region. Large turbulence
structure and enhanced mixing were observed in the pr Start of pressure rise
redeveloping region.

r Location of reattachment
Nomenclature

M 1 Mach number 
Streamwise

v Transverse
p Pressure

w Wall value
pr Start of pressure rise

z Spanwise
Pr Turbulence production

- Freestream valuer Location of reattachment
0 Value of the boundary layer parameter

u Mean velocity in the streamwise at the backstep and centerline value
direction

u* Van Driest generalized velocity 0, .5,.99 Location where -- 0, 0.5, 0.99

I T Friction velocity Introduction

x,y Horizontal and vertical coordinates After many years of investigation, the

Y.5 y component distance where u - 0.5u problem of flow separation and subsequent flow
recompression and redevelopment in the base region

8 Boundary layer or shear layer thick- of a blunt based missile-type body still offers a
ness, where u a 0.49u great challenge to experimentalists and analyticaland computational modelers. Since the early
Momentum thickness 1950's, analysis of separated flows for both

laminar and turbulent supersonic base flows have
been carried out along two paths, namely the
Chapman-Korst component modell,2* and integral
methods3,4 . Even though these methods are goodI * Visiting Research Assistant Professor, Depart- engineering tools for analyzing base flow

ment of Mechanical and Industrial Engineering, problems, they lack generality and leave
Member AIAA. unanswered many questions regarding the funda-

**Natlonal Research Council Associate, Member mental fluid dynamic nature of the flow mechanisms
fsAIAA. and interactions within the separated base flow
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region. This lack of knowledge is most apparent Laser Doppler Velocimetry Considerations
when an attempt is made to extend the models to

more complex systems, geometries, and/or flight A two-color, two-component laser Doppler
.conditions. velocimeter (LOV) system was utilized to make the

velocity measurements. The frequency of one beam
The lack of understanding of the physics of of each beam pair was shifted by 40 MHz in order

the separated flows and the lack of reliable to detect velocity direction and to eliminate
experimental data have slowed progress in the fringe bias 13-15 . A 250 n focal length lens wasnumeica fringeng ofs 3 - s thi prolem Receantnghles
numerical modelings of this problem. Recent used for the velocity measurements within the
papers by Marvin , Horstman, et. al. 6 , and boundary layer and the initial part of the shear
Weinberg, et. al. 7 have shown good computational layer and a 600 mm focal length lens was used for
prediction of the separated flowfields with a the velocity measurements in reattachment and
small separated region but only a qualitative redevelopment region. The measurement volume
prediction with a large separated region, diameter and length for the 250 mm and 600 mm lens
especially in the highly turbulent reattachment were (0.131 and 1.83 mm) and (0.314 and 4.39 mm),
and redevelopment region. The overall objectives respectively. The 600 mm lens produced a large
of this study were to learn more about the funda- fringe spacing and a large fringe velocity in the

. mental nature of the recompression, reattachment, measurement volume. These were desirable LDV
and redevelopment processes and to obtain some system characteristics because of the high turbu-
detailed data useful for analytical and computa- ence intensities expected in the reattachment and
tional modeling purposes. redevelopment region9  and possible fringe bias

problems that may have resulted from the two-
Experimental Program component coincident LDV8 .

A series of dry, cold air experiments were Seed particle generation was accomplished
conducted in a small scale blowdown wind tunnel with a commercial six-jet atomizer. A 50 cP
facility8 . The test section of the wind tunnel is silicone oil was atomized and the effective mean
shown in Fig. 1. The wind tunnel width was 50.8 diameter of the generated particles was estimated
mm and the step height was 25.4 mm. This configu- by measuring the relaxation of the velocity of
ration was specifically designed to eliminate the particles downstream of an oblique shock wave1 .
expansion effects at the separation point and pro- The results indicated that the effective mean
vide a long constant pressure free shear layer particle diameter was approximately 1 pm.
with a well defined initial condition to the com-
pression and reattachment processes. The ramp The individual velocity realization type data
angle was 19.40 and the ramp leading apex distance processor used in these experiments had the capa-
from the step was 69.85 m. Settles, et. al. 9 , bility of measuring and storing 83.3 k coincident
Hayakawa, et. al. 1 0 , and Petrie, et. al. 1 1 , have samples per second. The maximum data rate was
all used configurations similar to that of the approximately 2,000 samples per second with the
present study. Settles and Hayakawa used a hot- 250 mm lens and 400 samples per second with the
wire anemometer to survey the entire flowfield in 600 mm lens. Therefore, the sampling process was

- a wind tunnel facility with a Mach 2.92 incoming totally controlled by the flow. According to
flow with a turbulent boundary layer. Petrie used Erdmann and Tropea17,lS this "free running" pro-
the LDV to study only the constant pressure region cessor condition is comletely velocity biased.
of the shear layer in a Mach 2.44 incoming flow The two-dimensional velocity inverse weighting
with a turbulent boundary layer. Ikawa and factor, 11/VTI, was used to correct for velocity
Kubota12  and Petrie, et. al. 11  also generated bias where VT is the total velocity.
constant pressure shear layers over a backward-
facing step by using mass bleed from the floor of The digital frequency counters used in these
the wind tunnel. Ikawa and Kubota used a hot-wire experiments had a t 1 ns resolution. The maximum
anemometer and Petrie, et. al. used an LDV in Doppler signal frequency was approximately 95 MHz
their investigation of the constant pressure and the uncertainty due to counter clock resolu-
region of the free shear layer. tion in a five to eight frequency comparison could

reach 3.1% at this frequency. Thus, the compar-Information obtained from Schlieren photo- ison level was set at 4% to avoid discarding data
graphs, static pressure data, and LDV results were because of clock resolution.
used to construct Fig. 1 and the regions of the
flowfield with distinrt features are identified In the separation region just downstream of
for later discussion. The curves of u = 0, 0.5u., the step, the velocity gradient across the shear

V 0.99u., and the sonic line, M = 1, are shown. As layer was very large; therefore, errors in the
can be seen, the M - 1 and u - 0.5u_ locations velocity statistics due to spatial resolution were
were almost coincident. The station numbers where the largest In this region measurement errors
the vertical surveys of the flowfield were carried due to spatial resolution were estimated to be

out are shown above the x-axls in this figure. 0.9% in mean velocity and 1.9% in turbulence

The approach Mach number, Reyiolds number, intensity
19 '20 .

stagnation pressure, and stagnation temperature The data rate was approximately 2,000 samples
were 2.46, 5.01 x 107 /m, 528.1 kPa, and 297 K, per second in the freestream and dropped to 20
respectively. The approach boundary layer and samples per second in the recirculating region.
momentum thicknesses were 3.12 and 0.25 mm, The following number of samples were collected:
respectively. 1,024 in the freestream, 2,048 in the recirculat-

ing region, and 4,096 elsewhere. Therefore, the

' 7 ' .' .' .' ,' j ',' .',.' L , .''° , " - - ,." '°," . '%'. .'. . : -' -%"".'L '. '= '.L%
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• statistical uncertainty due to the limited sample to y/6 = 0.8, but in the upper edge of the
.' size was estimated to be approximately ± 3% in the boundary layer, the present data show somehow

mean velocity and t 3.5% in the turbulence inten- higher values.
sity in the recirculating region. Elsewhere in
the flowfield the statistical uncertainty was much Static Pressure Results
lower.

The wall pressure distribution non-dimension-
Fringe bias occurs because the LDV frequency alized by static pressure before the step is shown

counters require a minimum number of fringes to be in Fig. 4. The accuracy of the pressure measure-
crossed before a signal is accepted1 3 -15 . Due to ments was approximately ± 0.6%. The pressure
the highly turbulent nature of the flow in the change was less than 4% from 12.5 mm before
present experiments, it was thought, at the out- separation to 96 mm after separation. The
set, that fringe bias would be the major problem reattachment location, which was determined by
in designing these experiments. The fringe bias coating the ramp surface with a steam engine oil-

, analysis of Buchhave13 was modified to incorporate zinc oxide mixture, was located 128.02 mm down-
frequency shifting and was then used to correct stream of the step and 4.91 mm vertically below a
for possible fringe bias8 . The largest difference straight horizontal line extended from the step,

, between the results which were corrected and see Fig. 4. At the last station, x = 172.72 mm,
uncorrected for fringe bias was 3%. Consequently, the pressure ratio was 2.83 which was signifi-
only the uncorrected results are presented herein. cantly less than the final expected recovery

pressure ratio of approximately 3.25. The exper-
Experimental Results imental results of Roshko and Thomke25 , Sirieix,

et. al. 2 6 , and Settles, et. al. 9 have shown that
In this section, the experimental results are the reattachment process is to a significant

presented and compared to the results of previous degree independent of the wall geometry or dis-
studies. The nature of the incoming boundary turbances downstream of the reattachment location.

• layer, the pressure field, and the two-dimension- Therefore, the relatively short length of the
ality of the flowfleld are first discussed and present ramp downstream of the reattachment loca-
then the results for the mean flow and the turbu- tion would be expected not to disturb the
lent flow are presented. reattachment process during the current

investigation.
Incoming Boundary Layer

Spanwise wall pressure distributions in three
Two-component and one-component velocity streamwise locations are shown in Fig. 5. As can

measurements were made to within 1 and 0.25 mm of be seen, the variations in the spanwise pressure
the wall, respectively. The approach boundary distributions do not show any significant trends
layer and momentum thicknesses were determined to and are all within t 0.8% of the centerline pres-
be 3.12 and 0.25 mm, respectively. The ratio of sure. Since the accuracy of the pressure measure-
momentum thickness to boundary layer thickness was ments was determined to be ± 0.6%, the flow was

.' 0.0792 which was approximately 10% higher than the found to be two-dimensional within ± 19 mm of the
value reported by Maise and McDonald 21 . wind tunnel centerline.

Maise and McDonald 21 defined a single curve Two-Dimensionality of the Flowfield
which was based on the wall-wake law coupled with
the Van Driest compressibility transformation and Spanwise cellular structure has been noticed

-. showed that they could collapse experimental data in the reattachment region using surface flow
- from numerous equilibrium compressible boundary visualization1 6 ,25 ,27 . This structure was also

. layer flows. The maximum scatter of the data observed in the present experiments by coating the
relative to their curve was approximately 30%. ramp surface with a steam engine oil-zinc oxide
Figure 2 shows the boundary layer data of the mixture. This structure was absent in the recent

- current study in comparison with the Maise and. . -experimental study of Settles, et. al.9 ,  Thus,

." McDonald curve. The maximum difference between the existence of such spanwise motions are still a
.. ""the present data and their curve is less than 5%; point of discussion and concern. Some detailed

this is a good indication that the boundary layer pressure measurements by Roshko and Thomke 25 have
of the present study was in the equilibrium indicated that these secondary motions have very
stage. Since the skin friction coefficient, Cf, small effects on the static pressure distribution.
was not measured directly, it was determined from The spanwise surface pressure distributions in two
the wall-wake law. The value of Cf determined by streamwise locations in the reattachment and
this method was 0.00138 which is in a good agree- redevelopment regions of the present study, which
ment with the values of Settles, et. al. 9 and were discussed earlier and are shown in Fig. 5,

Petrie, et. al. 1 1 . are in agreement with the findings of Roshko and

Thomke 25 .
The boundary layer shear stress profile is

shown in Fig. 3. Also included in Fig. 3 are: Uniformity of the mean velocity and turbu-
the incompressible results of Klebanoff 22, the lence field across the tunnel in the reattachment
"best estimate" for the supersonic boundary layer and redevelopment regions was confirmed by LDV
shear stress distribution given by Sandborn2 3 , and measurements which were made ± 8.0 mm on either

S ." the hot-wire and LDV data of Johnson and Rose 2 4  side of the centerline of the wind tunnel at x =
" for a Mach 2.9 boundary layer flow. The present 130 and 140 mm. The variation in data for the

data agree well with the LDV data of Johnson and worst cases was ± 2.1% in the mean velocity,
Rose aid with the "best estimate" of Sandborn up t 2.8% in the streamwise turbulence intensity, and

t 2.7% in the shear stress. Since the turbulence



intensities and shear stress reached maximum data showed that in spite of a very large adverse
values near x 140 mm, these variations were pressure gradient, the mean flow in the recompres-
within the statistical uncertainty of the finite sion, reattachment, and initial part of the
sample sizes. LDV measurements further off-center redeveloping region is in local equilibrium. It
were not possible due to reflections of laser was surprising to see local equilibrium in the
light from the windows. reattaching and redeveloping regions under such a

Baedlarge adverse pressure gradient. There are ample
Based on the spanwise pressure measurements experimental results to support the existence of

and off-center LDV measurements, it is concluded local equilibrium in boundary layer flows under
that the mean flowfield was uniform within a moderate pressure gradients 3 0- 32 .  The similarity19ego nun m of the centerline. From LDV mea- woeheirsuec rdensh 3 . h imlrt
region 1parameter, which is used to correlate some overall
surements, the turbulence field was shown to be boundary layer shape parameter in supersonic
uniform within t 8.0 mm of the wind tunnel center- flows, is the Clauser pressure gradient coeffi-
line.

cient which is defined as (6k/ w)(ap/ax) where
Mean Flow Results 6 is the boundary layer kinematic thickness and

T is the wall shear stress. In contrast to the
Tne mean velocity profiles for all stations above cited studies, no pressure term was used in

are shown in Fig. 6. The abscissa shows the the similarity parameter of the present results.
vertical station numbers, the dashed vertical
lines show the locations of zero velocities for Self-similarity of the mean flow is achieved
each station, and the number above the dashed when the shear layer growth rate becomes linear.
lines show the x locations of the stations. The A detailed examination of the velocity data and
mean velocities were normalized by the approach constant velocity lines showed that the mean
freestream velocity, u = 571.82 m/s. The velocity self-similarity was achieved approxi-
variation in freestream velocity above the shear mately 166 o or 200eo downstream of the step.
layer was + 1.4%. The mean flow has a wake pro- Self-similarity in similar experiments by Petrie,
file u zil reattachment; after reattachment, the et. al.1 l, Settles, et. al.9 , and Ikawa and
wake flow feature starts to diminish. The decay

of the wake feature is so slow that even at the Kubota 12 were attained at 18 .8 6Q, 186., and
last station, the velocity profiles show some 22 6 o downstream of the step, respectively. The
remnant of the wake profile, growth rate of the free shear layer was 0.093

which was higher than the values of .078 and .062% The mean velocity vector field in the recir- obtained by Petrie, et. al. 1 1 and Ikawa and
culation region is shown in Fig. 7. There was a Kubota 12 , respectively, and which was 1.74 times
single clockwise recirculating bubble which was smaller than the incompressible shear layer growth
centered above the leading apex of the ramp; in a rate of Liepmann and Laufer 3 3 .

- similar ramp configuration experiment, Petrie, et.
al. 11 , found a similar recirculating bubble. Turbulent Field Results
Weinoerg, et. al. 7 applied a Navier-Stokes code
with an algebraic mixing length turbulence model The streamwise component turbulence intensi-
to a similar ramp configuration with an approach ties are shown in Fig. 9. The x location of each
Macn 2.92 flow and a ramp angle of 20 degrees and station is given above the profiles. The vertical

found two clockwise and one counterclockwise dashed line at each station shows the local zero.
recirculating bubbles. It can be seen from Fig. 7 As can be seen, a very pronounced peak turbulence

, that the recirculating flow was directed toward intensity developed just downstream of separation

the separation point. This was also noticed by and gradually spread as the shear layer grew.

Petrie, et. al. 1 ., but the Navier-Stokes' code of This behavior was also observed by Petrie, et.

Weinberg, et. al. 7 did not capture this feature of al. 11 in supersonic, Delery2 8 in transonic, and

the recirculating bubbles. This feature needs to Driver and Seegmiller34 in subsonic flows. The

be studied carefully since it could contribute to peak values increased through recompression and
the onset of plume induced flow separation on reached a maximum in the reattachment region and
afterhodies with a centered propulsive jet. decayed afterwards. In the recirculating region,

the turbulence intensity was very high; it was
The maximum negative velocity measured in the nearly constant at each vertical station and

base region was 0.2u which occurred where the increased in the downstream direction.
q minimum wall pressure'was measured. Petrie, et.

al. 11 , in a similar experiment, Oelery 2 O with a The streamwise turbulence intensities non-

- transonic freestream and a supersonic propulsive dimensionalized with u. did not collapse onto a
egasingle curve as the mean velocity data did in Fig.
jet, and Etheridge and Kemp2 9 in a subsonic flow 8. In Fig. 10 the maximum turbulence intensity at
over a step measured maximum negative velocities each station was used to non-dimensionalize the
of 0.9ua, 0.30u., and 0.18u., respectively, turbulence intensity data. The turbulence field

The streamwise mean velocity profiles are for x > 30 mm is locally similar above the sonic

shown in a non-dimensionalized y coordinate in line. This was also observed by Petrie, et. al.: 1

Fig. 8. The variable is the shear or boundary in the free shear layer; however, it was surpris-

layer thickness with the classical definition of ing to see such local similarity existing in the
%" 6 - y.9 9 - yo where yo, y.5 ,and y.9 9 are the loca- turbulence field for the reattachment and rede-
%" tions of u - 0, 0.5u., and 0.99u. As can be seen velopment regions under such a large adverse pres-

fro sure gradient. The maximum turbulence intensitiesSf r o m t h i s f i g u r e , t h e c o l l a p s e o f t h e s e d a t a i so c u r d n a y y . w h h w a a p o x m t l

good from two stations after separation up to one occurred near Y n yt which was approximately
station after reattachment. The collapse of these coincident with the sonic line, see Fig. 1.
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Hayakawa, et. al.1 0 used a hot-wire anemometer for shear stress without the density term leveled off
' , turbulence measurement in a similar geometry with at approximately 0.5. in the reattachment region.
, an incoming Mach 2.92 flow with a turbulent

boundary layer. Their results showed that the All the experimental results for the subsonic
' maximum mass flow fluctuations occurred in the shear layer reattachment in the backward facing

supersonic region of the shear layer. The differ- step configuration reported in a review paper by
ences between the presert results and Kayakawa's Eaton and Johnson40 showed the peak values of the
results could be due to the difference between maximum u component intensity and maximum shearturbulence fluctuation and mass flow fluctuation stress occurred approximately one step height% and/or due to difficulties involved in hot-wire before reattachment followed with a rapid decay.

S calibration for local Mach numbers of 1.2 or The causes of the rapid decay of turbulence inten-
lessI0 .35 where the maximum intensities occurred sity and shear stress for subsonic flows in the

, q during the present study. reattachment region are not known. The candidate

causes are: the stabilizing streamline curvature,
The non-dimensionalized transverse component the adverse pressure gradient, and the strong

turbulence intensities are shown in Fig. 11. In interaction with the wal1 3 9 ,4o. Whatever the
contrast to subsonic shear layers36,3 7 , the loca- mechanism(s) is/are for subsonic flow, it seems

' tion of the v component maximum turbulence inten- that compressibility effects are more dominant in
sities shifted toward the lower velocity side of the supersonic flow reattachment and there is no
the mixing layer. The cause of this turbulence turbulence fluctuation decay before or at

_- behavior change is perhaps the combined effects of reattachment.
* compressibility and mean density change across the

shear and redeveloping boundary layer. The v com- In turbulence modeling using the turbulent
ponent turbulence intensity, non-dimensionalized kinetic energy or the shear stress transport
with the maximum turbulence intensity at each equation, one needs to model the turbulent triple
station, collapsed above the sonic line as did the products. The evolutionary profiles of one
streamwise turbulence data. component of the triple products are shown in Fig.

14. Similar to subsonic plane mixing layers and
Evolutionary profiles of the turbulent shear reattaching shear layers 34,3 9 , the triple products

stress are shown in Fig. 12. In the calculation were observed to be roughly antisymmetrical aboutof the mean density, 5, some interpolations were the mixing layer center or all four components8 .
. involved, therefore, at Stations 12-17 the mean

density is believed to be accurate within + 6.0%. The <(u') > and <u'(v') > components reached the
" Similar to the u component turbulence intensity, a negative minimum in the upper portion and posi

" sharp peak in the shear stress profile developed tive maximum in the lower portion of the shear
soon after separation and spread as the shear layer which was similar tp subsonic sheir
layer grew. The shear stress increased through layers 34' 36'3 9. The <(u') v'> and <(v') >

recompression, reattachment, and redevelopment of components reached positive maximum in the upper
- the boundary layer. The maximum shear stress portion and negative minimum in the lower portion
'" values at each station occurred near the sonic of the shear layer which were just the opposite of

line. The shear stress non-dimensionalized with the subsonic reattaching free shear layers.
the maximum shear stress at each station collapsed Therefore, this appears to be another fundamental

fl onto a single curve above the sonic line as did difference between compressible and incompressible

the turbulence intensities, shear layers which shows the different
characteristics of the diffusion of turbulent

The shear stress fluctuations in the recircu- kinetic energy in the transverse direction in
l fating flow were negligibly small in comparison to compressible and incompressible shear layers.
the normal stress values, see Fig. 9. The large
values of the turbulence intensities and the very Similar to incompressible reattaching shear
low values of the shear stress in the recirculat- layers3 4, 39 , all four components of the triple
ing flow could be indicative of a low frequency products were negligibly small in the recirculat-

. flapping motion of the reattaching shear layer. ing flow. Since the major contributions of triple
Subsonic flow results 34.38 ,39 showed relatively products come from large scale turbulence and
high shear stress in the recirculating flow. there is no large scale motion in the recirculat-

ing flow, this was expected. The local values of
The maximum turbulence intensities and shear all four components of the triple products

? stresses are shown in Fig. 13. The onset of pres- increased dramatically through recompression,
sure rise and the reattachment location are shown reattachment, and redevelopment which meant large
with pr and r in Fig. 13. The maximum u and v scale motion and increased length scale in these

- intensity components reached 15% and 7.5, respec- regions. This behavior was not observed in sub-
tively, in the constant pressure shear layer. The sonic flows, rather the triple products on the
ratio of the maximum u intensity to the maximum v wall side started decreasing before the reattach-
intensity in the shear layer region was approxi- ment region. Chandrsuda and Bradshaw 39 attributed

*-.: mately 1/2 which was similar to that of Petrie, tnis behavior to imposition of the v = 0 condition
et. al.11 but lower than the 2/3 reported for sub- by the wall and limitation of the large eddies
sonic flows 37 . The maximum u and v component which are the major contributors of the triple
intensities were approximately 22% and 9%, products. Existence of large shear stresses, see

respectively, and both occurred one station after Fig. 12, and large triple products could mean
- reattachment. The maximum shear stress with the large scale motion and large turbulence length

14 density term increased through recompression and scales in the redeveloping boundary layer.
1 reattachment and reached approximately 0.7% in the The turbulence production plays an important

redeveloping boundary layer whiler o lution sa ratredeeloingboudar layr wilethemaxmum role in the streaniwise evolution of separated
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flowfields. The component of turbulence produc- Horstmann, C. C., Settles, G. S., Bogdonoff, S.
tion which could be obtained experimentally with M., and Williams, 0. R., "A Reattaching Free
reasonable accuracy was the production by shear Shear Layer in Compressible Turbulent Flow - A

stresses, Pr = - <u'v'> au/ay. The turbulence Comparison of Numerical and Experimental
production profiles developed a peak soon after Results," AIAA Journal, Vol. 20, No. 1, 1982,
separation and spread as the shear layer grew, see pp. 79-85.
Fig. 15. The peak value at each station was
located around the sonic line and reached a 7 Weinberg, B. C., McDonald, H., and Shamroth, S.
maximum near the reattachment region and started J., "Navier-Stokes Compuputations of Aft End
decaying afterwards. Flow Fields," Final Report, U.S. Army Research

Office Contract DAAG 29-79-C-0003, Scientific
Conclusions Research Associates, Inc., Glastonbury,

A detailed experimental study of reattaching Connecticut, May 1982.

compressible, turbulent, free shear layers using 8 Samimy, M., 'An Experimental Study of Compres-

LDV technique was carried out. Local similarity sible Turbulent Reattaching Free Shear Layers,"
*. of the mean flow was observed through the shear Ph.D. Thesis, Department of Mechanical and

layer, the reattachment, and the initial part of Industrial Engineering, University of Illinois
* - the redeveloping boundary layer. The mean flow at Urbana-Champaign, 1984.

and the turbulence field above the sonic line
correlated with the local shear or the local 9 Settles, G. S., Baca, B. K., Williams, D. R.,
boundary layer thickness. The growth rate of the and Bogdonoff, S. M., "A Study of Reattachment
shear layer was 1.74 times less than that of of a Free Shear Layer in Compressible, Turbulent
incompressible shear layer. In contrast to Flow," AIAA Paper 80-1408, 1980. Also, AIAA
,ncompressible reattaching shear layers, the Journal, Vol. 20, No. 1, 1982, pp. 60-67.
turbulence intensities, shear stress, and turbu-
lent triple products were significantly increased 1 0Hayakawa, K., Smits, A. J., and Bogdonoff, S.
through reattachment. Existence of large turbu- M., "Turbulence Measurements in a Compressible
lent triple products and large shear stress in the Reattaching Shear Layer," AIAA Paper 83-0299,
recompression, reattachment, and redevelopment 1983. Also, AIAA Journal, Vol. 22, No. 7, 1984,
regions indicated the presence of a large scale pp. 889-895.
turbulence field in these regions. Evolution of
the turbulence field in reattaching compressible 11Petrie, H. L., Samimy, M., and Addy, A. L., "A
shear layers seems to be very complex and offers a Study of Compressible Turbulent Free Shear
great challenge to turbulence modelers. Probably Layers Using Laser Doppler Velocimetry," AIAA
models based on the shear stress transport equa- Paper 85-0177, 1985.
tion with relatively sophisticated models for the
turbulent triple products are required. I2 1kawa, H. and Kubota, T., "Investigation of

Supersonic Turbulent Mixing Layer with Zero
Acknowledgment Pressure Gradient," AIAA Journal, Vol. 13, No." ' '5, 1975, pp. 566-572.

This research was supported by the U.S. Army

Research Office under contracts DAAG 29-79-C-0184 Buhae1.3'isn ros nIdvda
and DAAG 29-83-K-0043. Dr. Robert E. Singleton Particle Measurements with the LDA-Counter
served as the Contract Monitor. Signal Processor," Proc. of LDV Symposium,
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ABSTRACT

ct A series of experiments were conducted to xy Horizontal and vertical coordinates
investigate the recompression, reattachment, and
redevelopment of a two-dimensional, compressible, y.s y component distant where u a 0.Sue
turbulent free shear layer formed by the geometrical

.. separation of a Mach 2.07 high Reynolds number flow a Boundary layer or shear layer thickness,
with a turbulent boundary layer from a 25.4 mm high where u - 0.99ue
backward facing step. A detailed survey of the
flowfield was made utilizing Schlieren technique, IS Wave strength parameter
static pressure measurements, and a two-component
laser Doppler velocimeter. The distortion of the Density
turbulence field resulting from the boundary layer
expansion at the step was found to produce a strong Standard deviation with subscript u or v

) ' anisotropy which continued throughout the shear layer
-, and was enhanced in the reattachment region. In Shear

comparison with similar shear layers which were pro-

duced without expansion at the step, higher level < > Ensemble average
turbulence intensities and shear stresses were
observed. The mean flow and turbulence field data and Superscripts
the Schlieren photographs indicated the existence of
large scale turbulence in the reattachment and Mean value
redevelopment regions and enhanced mixing by the large

., scale turbulence in the redevelopment region. ' Fluctuation from mean value

NOMENCLATURE Subscripts

I, h Step height e Adjacent freestream value

, M Mach number pr Start of pressure rise

*' -. p Pressure r Location of reattachment

r Location of reattachment w Wall value and Coles wake function

u Mean velocity in the streamwIse direction Freestream value before separation

u* Van Driest generalized velocity o Value of the boundary layer parameter just
before separationu1  Friction velocity

o .s .99 Location where u -0, O.Sue, and 0.99ue

INTRODUCTION
2Associate Member ASME.
. Associate Member ASME. The reattachment and redevelopment of turbulent
Fellow ASME. free shear layers occur in many practical engineering

problems and have been the subject of numerous
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investigations over the past three decades, Dlue to pair was shifted by 40 MHz in order to detect velocity
the complexity of the flowfield, the research efforts direction and to eliminate fringe bias (9-11). Lenses
nave been focused on simple geometries. Flow over a with focal lengths of 250 nmm, 350 num, and 600 nmm were
backward-facing step geometry, which has a fixed used for the velocity measurements within the incoming
separation point and which contains all the features boundary layer, the initial part of the shear layer,
of the reattaching flows, has been )4wi dely used in and reattachment and redevelopment region, respec-
experimental studies of subsonic (1-4) and supersonic tively. The measurement volume diameter and length
reattaching flows (5-8) in an effort to understand the for the 250 mmn, 350 nun, and 600 nun focal length lenses
reattachment and redevelopment processes and to were (0.131 and 1.83 nun), (0.183, 2.56 mun), and

* identify flow mechanisms involved in these processes. (0.314, 4.39 nun), respectively. The 600 mmn lens
produced a large fringe spacing and a large fringe

A data base has been developed for reattaching velocity in the measurement volume. These were
subsonic free shear layers and a basic understanding desirable LDV system characteristics because of the
of such flows has been achieved (2). However, more high turbulence intensities expected in the reattach-
experimental data are needed to clarify some of the ment and redevelopment region and possible fringe bias
speculations about the existence and role of the large problems that may have resulted from the two-component

.. eddies in the reattachment region. Numerous diffi- coincident requirement.
culties exist in obtaining accurate turbulence data in
compressible reattaching free shear layers (6-8); Seed particle generation was accomplished with a
therefore, much more work needs to be done for this TSI Inc. six-jet atomizer. A 50 cP silicone oil was

* type of flow. The overall objectives of this study atomized and the effective mean diameter of the
were to investigate the compressible reattaching free generated particles was estimated by measuring the
shear layers, the effects of the boundary layer expan- relaxation of the velocity of particles downstream of
sion at the step on the reattachment process, and to an oblique shock wave (12). The results indicated
provide detailed data for analytical and computational that the effective mean particle diameter was approxi-
modelers. mately 1 pm. The seed particles of the present

investigations should follow the mean flow in the
EXPERIMENTAL PROGRAM major portion of the flowfield except in the immnediate

vicinity of the expansion and the shock waves. Also,
A series of dry, cold air experiments were con- the response of 1 uim particles to turbulence fluct-

ducted in a small scale blowdown wind tunnel facility. uations is believed to be adequate in the range of
The test section of the wind tunnel is shown in Fig. energy containing eddies perhaps up to 100 kHz; for
1. The wind tunnel width was 50.8 nun and the step further discussion of LDV particle dynamics, see
height was 25.4 nmm. Information obtained from Reference 13.
Schlieren photographs, static pressure measurements,
and LDV results were used to construct Fig. 1, and the The individual velocity realization type data
regions of the flowfield with distinct features are processor used in these experiments had the capability
identified for later discussion. The curves of u = 0, of measuring and storing 83.3k coincident samples per
O.5ue ' 0, 9 e' where ue is the adjacent freestream second. The maximum data rate was approximately 2000
mean velocity, and the sonic line, M = 1, are shown in samples per second with the 250 and 350 nun lenses and
this figure. As can be seen, the M = I and u = 0.5ue 400 ape e eodwt h 0 mln.Tee

loctios erenerlyconciental th wy fomthe fore, the sampling process was totally controlled by
step to the redeveloping region. The station numbers, the flow. Erdmann and Tropea (14,15) showed that this
1-15, refer to locations where the vertical surveys "free running" processor condition is completely
were made in the flowfield and are shown above the x- velocity biased. The two-dimensional velocity inverse
axis in Fig. 1. weighting factor was used to correct for velocity

bias.
The u velocity component direction was defined to

correspond to the freestream flow direction; parallel In the developing shear layer just downstream of
to the x-coordinate at stations 1 and 12 through 15 the step, the velocity gradient across the shear layer
and rotated 15.39 degrees in a clockwise direction was very large; therefore, errors in the velocity sta-

* relative to the x-coordinate at stations 2 through tistics due to spatial resolution were the largest.
11. The v velocity component was orthogonal to the In this region, measurement errors due to spatial
corresponding u component, resolution were estimated to be approximately 0.9% in

mean velocity and 1.9% in turbulence intensity (16).
*The approach Mach number, Reynolds number, stag- The statistical uncertainty due to the limited sample

nation pressure, and stagnation temperature were 2.07, size was estimated to be approximately t 3% in the
6.69 x 107 /m, 528.1 kPa, and 293K, respectively. The mean velocity and ± 3.5 in the turbulence intensity in
approach boundary layer and momentum thicknesses were the recirculating region where the data rate was very
2.26 and 0.18 nn, respectively. The freestream veloc- low and only 1024 samples were collected. Elsewhere
ity and Mach number after the expansion and after the in the flowfield the statistical uncertainty was nuch
recompression shock wave were (594.59 m/s and 2.74) lower.
and (512.37 m/s and 2.01), respectively.

The fringe bias analysis of Buchhave (9) was
Laser Doppler Velocimetry Considerations modified to incorporate frequency shifting and was

then used to correct for possible fringe bias (16).
A two-component coincident laser Doppler veloc- The largest difference between the mean velocity

*imeter (LOV) system was used to make the velocity results which were corrected and uncorrected for
measurements. The frequency of one beam of each beam fringe bias was 3%. Consequently, only the uncor-

____________________rected results are presented herein.

4Numbers in parentheses refer to entries in
REFERENCES.
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EXPERIMENTAL RESULTS the two-dimensionality of the flowfield in the
'\ ~reattachment and redevelopmont region.

In this section, the experimental results are
presented and compared to the results of previous Uniformity of the mean velocity and turbulence
studies. The nature of the incoming boundary layer, field across the tunnel in the reattachment and
the pressure field, and the two-dimensionality of the redevelopment region was evaluated by LDV measurements
flowfield are first discussed and then the results which were made at t 8.0 mm on either side of the
for the mean flow and the turbulent flow are centerline of the wind tunnel at x = 68 and 78 mm.
presented. The variation in data for the worst cases was ± 2.3%

in the mean velocity, ± 3.1% in the streaMwise turbu-
:", Incoming Boundary Layer lence intensity, and ± 2.9% in the shear stress.

Since the turbulence intensities and shear stresses
Two-component and one-component velocity measure- were very high in these two stations, these variations

C ments were made to within I and 0.25 mm of the wall, were within the statistical uncertainty of the finite
, respectively. The approach boundary layer and sample sizes. LDV measurements further off-center

- momentum thicknesses were determined to be 2.26 and were not possible due to reflections of the laser
0.13 mm, respectively. The ratio of momentum thick- light from the windows. Although the two-dimen-

-. , ness to boundary layer thickness was 0.0798 which was sionality of the flowfield deteriorated toward the
/ approximately 5% higher than the value predicted by side walls, it was concluded from the LDV measurement

the method of Maise ar- McDonald (17) for a similar that the flowfield was two-dimensional within ± 8.0 mm
Mach number. of the wind tunnel centerline.

Maise and McDonald (17) defined a single curve Mean Flow Results
which was based on the wall-wake law coupled with the

Van Driest compressibility transformation and showed The mean velocity profiles for all vertical mea-
that they could collapse experimental data from surement stations are shown in Fig. 4. The abscissa
numerous equilibrium compressible boundary layer shows the vertical station numbers, each dashed verti-
flows. The maximum scatter of the data relative to cal line indicates the location of zero velocity for
their curve was approximately 30%. Figure 2 shows the that station, and the numbers above the dashed lines
boundary layer mean velocity data of the current study provide the x locations of the stations. The mean

. in comparison with the Maise and McDonald curve. The velocities were normalized by the approach boundary
' S maximum difference between the present data and their layer freestream velocity, u = 520.76 m/s. The mean
" curve is approximately 7.5%. Figure 2 also shows the flow in the shear layer region has a wake profile

data from a recent Mach 2.46 boundary layer measure- until reattachment; after the reattachment, the wake
ment conducted by the present authors (8). The skin flow feature starts to diminish. Only the last two
friction coefficient, Cf, used in Fig. 2 was deter- stations show boundary layer-type profiles.
mined from the wall-wake law. The value of Cf
determined by this method was 0.00176 which is in a A single clockwise recirculating bubble was
good agreement with the values reported in the litera- detected in the recirculating region with a maximum
ture for similar Mach numbers (18). negative velocity of 153.79 m/s (0.26ue) The maximum

reverse flow velocity occurred where the minimum wall
Two-Dimensionality of the Flowfield pressure was measured. In other investigations with

supersonic flows (8,19) and with subsonic flow (20'
The wall static pressure distribution non-dimen- over backward steps, the maximum reverse flow veloci-

sionalized by the static pressure before the step is ties on the order of 0.2 ue have been measured.
shown in Fig. 3. The accuracy of the pressure mea-
surements was approximately ± 0.6%. As shown in Fig. The streamwise mean velocity profiles are shown
3, the pressure at the separation point decreased to in a non-dimensionalized y coordinate in Fig. 5. Thn
approximately 30% of the pressure before the step and variable 8 is the shear laye; or boundary layer thick-
then there was a gradual decrease of 1.8% up to x = 25 ness with the classical definition of 6 - y .99 - yo
rm. Downstream of this point, the pressure increased where yo, y .5, and y .99 are the locations of u 0.
gradually up to x - 46 mm where the sharp increase in 0.5ue, and 0.99ue and ue is the adjacent freestream
pressure started. Figure 3 shows an overshoot of the velocity. As can be seen, the collapse of these data
final recovery pressure of approximately 4.2% in the using this non-dimensional coordinate is good from
redeveloping region; this could be an indication of separation up to x - 100 mm. The collapse of these
some three-dimensionality of the flowfield in the data indicated that in spite of a very large adverse
reattachment region. pressure gradient, the mean flow in the recompression,

reattachment, and initial part of the redeveloping
- Spanwise wall pressure measurements in the reat- region is in local equilibrium. Local similarity was

tachment and redevelopment region indicated a pressure also observed in another set of experiments in the
rise toward the side walls with a maximum pressure reattachment and redevelopment region by the present

- difference of 6.0% from the tunnel centerline author (8). There are many experimental results to
-' pressure. This was another Indication of three-dimen- support the existence of local similarity in boundary

% sionality in the flowfield. In a recent investigation layer flows under moderate pressure gradients
in the same wind tunnel, the present authors did not (18,21,22). All of these studies have used a pressure
find any spanwise pressure rise In reattachment and gradient term in the similarity parameter; however, no
redevelopment region with a fully developed free shear pressure term was used in the similarity parameter of
layer approaching the reattachment region (8). In the the present results.
present study, the shear layer approaching the reat-
tachment region was still in the developing stage. Final pressure recovery was achieved after

4" -. Therefore, it appears that the state of the shear station 12 where it appears that the wake component
%r. layer approaching the reattachment region influences has vanished. There is a noticeably fast filling out

of the velocity profiles after station 12 in the
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I? redeveloping region. Selected velocity profiles in dashed line at each station shows the local zero loca-
the redeveloping region are replotted in Fig. 6. tion. In the calculation of the mean density, _p, some
While the profile at x -78 mmn is a wake profile, at interpolations were involved; at stations 7-15, the
the last station, x z145 mmn, the velocity ratio mean density is believed to be accurate within ± 6.0%.
reaches 0.9 at 0.48 away from the wall. Settles, et. As can be seen in Fig. 9, a very pronounced peak in

-t al. (6) continued their measurements further down- the shear stress profile developed just downstream of
stream and noticed even faster filling out of the separation and gradually spread as the shear layer
profiles. This behavior suggests enhanced mixing by grew. This behavior was also observed in streanwiise
large scale turbulence motion. As will be discussed turbulence intensity profiles. Similar trends were
later, the existence of large scale turbulence was observed by the present authors in other supersonic
also indicated by the presence of large shear stresses shear flows (8,19), by Delery (25) in transonic shear
and turbulent triple products in the reattachment and flows, and by Driver and Seegmiller (4) in subsonic
redevelopment region. shear flows. The maximum shear stress values occurred

near the sonic line, In the redeveloping region, the
The redeveloping boundary layer wake-strength shear stress values were extremely high and decayed

parameter, a, is shown in Fig. 7. The n values varied rapidly in the streamwise direction. These large
V9  from 13.6 at x = 100 nmm, which is just before complete shear stress values in the redeveloping boundary layer
* recovery, to 1.4 at the last station, x = 145 nun, are another sign of the existence of large eddies in

Settles, et. al. (6) continued their survey much this region of the flowfield.
further downstream of the reattachment location than
in the present experiments and they observed that the The ratios of shear stress fluctuations in the
wake-strength parameter continued to decrease and recirculating flow to the maximum shear stress at each
finally dropped below the equilibrium value at their station was noticeably smaller than the corresponding
last station. In a subsonic reattaching shear layer normal stress ratios. This was also observed in other

much further downstream of reattachment and concluded values of the turbulence intensities and the very low
that the wall-wake law was not applicable until values of the shear stress In the recirculating flow
approximately 30 incoming shear layer thickness down- could be an indication of a low frequency flapping
stream of the reattachment location. Also, the fric- motion of the reattaching free shear layer. In con-
tion coefficient, Cf, which was determined from the trast, subsonic shear flow results (1-4) showed

* all-wake profiles in the present study, varied from relatively high shear stresses in the recirculating
0.00014 at x = 115 mmn to 0.00107 at the last station; flow,
the expected equilibrium value of Cf was approximately
0.00150. The maximum turbulence intensities and shear

stresses are shown in Fig. 10. The onset of the pres-
Turbulent Field Results sure rise and the reattachment location are identified

in Fig. 10 by pr and r, respectively. The dotted
The streamwise turbulence intensities in a non- lines in Fig. 10 indicate the change of the velocity

dimensionalized y coordinate is shown in Fig. 8. As coordinate system, as was discussed in the experi-
can be seen, the turbulence data did not collapse onto mental program. section. The maximum u and v fluctua-
a single curve as the mean velocity data did in Fig. tion components reached approximately 25% and 8%,
5. Also, the streamwise turbulence intensity profiles respectively, in the constant pressure shear layer.
did not collapse when non-dimensionalized by the maxi- The ratio of the maximum u intensity to the maximum v
mum intensity at each station. In recent experiments intensity in the shear layer region was approximately
by the present authors, a Mach 2.46 turbulent boundary 1/3 which was lower than the 1/2 reported for free
layer flow was separated at a constant pressure at a shear layers without expansioq at the step (8,19) and
backward-facing step to form a long constant pressure much lower than the 2/3 reported for subsonic flows
shear layer which reattached onto a ramp (8) . In (24). This high anisotropy level, as well as, the
these experiments, non-dimensionalizing the streamwise higher normal and shear stresses in the free shear
turbulence intensities and shear stresses by the maxi- layer of the present experiments appear to be the
mum values at each station collapsed the profiles result of the distortion of the turbulence field pass-
above the sonic line in the free shear layer, the ing through the expansion waves at the step.
reattachment region, and the initial part of the rede-
veloping boundary layer. In the present experiments, The maximum u and v component turbulence intensi-
the free shear layer approaching the reattachment ties were 36% and 22%, respectively, and occurred in
region was still in the developing stage. Thus, the the reattachment region. The anisotropy ratio, ou/ov
observed difference could be caused by the state of reached approximately 1/3.5 in this region. The
the shear layer approaching the reattachment and/or by maximum shear stress values also occurred in the
the expansion of the boundary layer at the step in the reattachment region. The experimental results for

* present experiment which appears to distort the turbu- subsonic reattaching shear layers (2) showed that the
lence field and cause higher turbulence intensities peak values of the maximum u component intensity and
and shear stresses in the developing shear layer. maximum shear stress occur about one step height

upstream of reattachment and are followed by a rapid
9.As can be seen in Fig. 1, the maximum turbulence decay. The v -0 constraint at the wall at the

intensities in the free shear layer and in the reat- reattachment location is cited as the probable cause
tachment region occurred near y a y.s which was nearly for this behavior in subsonic flows (2,3). Whatever
coincident with the sonic line. This behavior was the cause(s) is/are for subsonic flow, it seems that
also observed in other supersonic (8,19) and subsonic compressibility effects are more dominant in super-
(23,24) free shear layer experiments, sonic flow reattachment and there is no turbulence

fluctuation decay before reattachment.
Evolutionary profiles of the turbulent shear

stress are shown in Fig. 9. The x location of each The evolutionary profiles of one component of the
station is given above the pru~lles. The vertical turbulent triple products are shown in Fig. 11.
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Abstract shear laver, strong increase through the
_ _ recompression and reattachment zone, and a Rrpdral

Experimental results of interaction between decrease after the reatrachment. This was in sharp

two compressible, two-dimensional, turbulent free contrast to incompressible shear flow results which

shear layers is presented. The shear layers were show sharp derav of turbulence intensity and shear

formed bv geometrical separation of two high stress upstream of the reattachment location. The

Reynolds number turbulent boundary layer flows with maximum local turbulence intensities and shear

Mach numbers 2.07 and 1.50 from a 25.4 mm high stresses occurred around sonic line ir each

* backward-facing step. A two-component coincident vertical survey which wa in disagreement with

laser Doppler velocimeter was utilized for a earlier hot-wire results which showed these

* detailed flowfield survey. Both shear flows show parameters peaked in supersonic region of the shear

general features similar to those of compressible layer. Large scale turbulence in the lower edge of

. free shear layers reattaching onto a solid surface; the shear layer at the reattachment region and verv

large scale turbulence in the recompression and enhanced mixing in redeveloping boundary layer were'L- " "'"detected which confirmed the eariear observations.
* J reattachment regions and very enhanced mixing in

the redeveloping region. The free shear layer with In the second configuration , a Mach 2.07 flow

lower freestresm Mach number shows high turbulence with a turbulent boundary laver separated at the

intensities and higher rate of increase of step and subsequently formed free shear layer
turbulence intensities in streamwise direction attached onto a flat plate which was parallel to

which appear to be caused by higher entrainment of the incomtng boundary layer flow direction. The

reversed flow recirculating from highly turbulent general trends of turbulence intensities and shear
reattachment region. stress were similar to those obtained in first

configuration with the exception of much higher

Introduction fluctuations levels and higher anisotropy ratio.
Since the Mach and Reynolds numbers o4 free shear

This study is part of an extensive research layers in two configurations were comparable.

program to investigate recompression and dstherefre theo dfferbulence seemld bethroaused theby
% reattachment of compressible turbulent free shear

layers and subsequent redeveloping boundary layers. expansion at the step of the second configuration.

The experimental efforts of this research have been Also, the streamwise turbulence intensitv increase

focused on simple two-dimensional backward-facing through the separation at the step for the backstep

step geometries. These types of simple models experiment was approximately 1.3 higher than the
which have fixed separation point, and contain all ramp results. These results were in sharp contrastwhic have fixedre sepervation pont andhontanren

the features of the separated flows, have been to the iefrlier observations by Schlieren
fo.d _9many years in subsonic and technique1 2  and measurements made by hot-wire

* uwidely used . technique which all showed decay of turbulence
supersonic flows

Three different configurations have been level through expansion at the step. Some

investigated in this research program in order to systematic experiments needed to clarify this

gain some basic knowledge about high velocity discrepancy.

separated flows. In the first configuration , a In the third configuration which is the
subject of this paper, the interaction between two

Mach 2.46 flow with turbulent boundary layer
separated at a 25.4 mm step and formed a free shear shear flows was investigated; see Fig. 1. The

layer which attached onto a ramp. The position and objective was further exploration of the

e: angle of the ramp was adjusted so that the incoming compressible shear flows especifically effects of

boundary layer separated at the step without any interaction of shear flow with solid wall at the

pressure change. The detailed turbulence results reattachment on turbulence scale and structure.

showed a gradual increase of turbulence intensities
and shear stress through the constant pressure Experimental Program

A series of dry, cold air experiments were
% Assistant Professor, Member AIAA conducted in a small scale blowdown wind tunnel

Professor and Associate Head, Associate Fellow facility. The wind tunnel width and height were
AIAA 50.8 and 101.6 mm, respectively, and the step

height was 25.4 mm; see Fig. 1. The approach Mach

number, Reynolds number, stagnation pressure, and

stagnation temperature were 2.07, 5.85 x 10 1/m,
I. - "457.3 kPa, and 295 K, respectively, for the upper

boundary layer and 1.50, 3.37 x 10 /m, 233.8 kPa,

Copyright American Isillote of Aeronsutlis and
Astreusut. l.. 1986. All rghl reserved.
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an 2 1r,W respectively, for the lower boundary the data of Dimotakis, et. al. 16 with comparable
laver. The reestream Mach aiid evnolds nuirber Mach numbers. The boundary laver sheff stress

afyer exnanst-n jt the step were 2.56 and 3.98 profiles follow closely Sandborn's "best

%410 i n. rspectivel , for the upper shear flow and estimgte" 'or equilibrium compressible boundarv

I ad2. x 10/, reSpectivelv, for e er aver . The qtreamwise component of skewness and~~~shear flow. The .ach and Re,nolds numbers of the f'atness cor aksrpytthoueedef

,nper frpe as iear flow and two earlier the houndarv lavers for both flows, then decline
n~f!urar(on ' desined be comparable raptcidv for the upper boundary laver and gradually

rot comparison of data. por the lower boundary layer flow. Mach 2.85

For the eae of presentation of the results, turbulenr houndar, layers of Hayakawa et. l. and

.the H.as)ed line in Fig. I is used to separate the Mach 2.43 results of Petrie et. al. showed

upper flow fron the lower flow. The u velocity skewness profiles similar to that of Mach 2.07 flow

component irection was defined to correspond t of present study.

the freestrean flow direction; parallel to the

x-coordiare for the incoming boundary layer flows, Two-Diiensionslity of the Flowfield

rotated "2.4 degrees relative to the x-coor inate All the LDV data presented in this paper

in a clockwise direction for the upper shear flow, correspond to the centerline location of the wind

are rotated 19.5 degrees in counter-clockwise runnel. The uniformity of the mean flow and

""1rection for the lower shear flow. The v velocity turbulence field across the tunnel was checked by

rovonenI was orthogonal to the corresponding u additional 'OV measurements at ±10 mm on either
side of the centerline of the wind tunnel at x -

r wlonrnt. 28, IP, and 46 mm. The deviation of data from
,*., two-compnnent coincident laser Doealer

velrc n eter (LDI') system wes used to make the centerline data were the largest around the sonic

velocitv easure-pnts. The detailed L.V lie at x - 28 and 38 mm where turbulence
! consideration an. f errors involved have huen tctuations were ver_ 8 itgh and so was the

ecported earlier ' and will not be repeated here. statirtical uncertainty The maximum spanwise

The TrV results reported here are corrected for variation of data in mean velocity, streamwise

"elocitv bias. The fringe bias correction was turbulence intensity, and shear stress were !1.97,

found inrecessarv by usinR large focal length 
1
ens 2.8, and 2.57, respectively. These variations

Ir highlv turbulence region of the flowfield. were within the statistical uncertainty of the

illcr'ne oil particles with mean diameter of I o m limited nu hpr of sample size in the present

were used for seeding the flow. The spatial experiments Since further off-center LDV
4j

,  
r'olution was better that 1% for the mean flow and measurements were not possible due to the

rluto asbtrta % for the meod r e n fltuan reflection of the laser light from the glass

measurements. The statistical uncertainty due to windows of the wind tunnel, therefore, we can

limited number of samples was better than -. F7 for conclude that the flow was two-dimensional within

the mean flow and t3.2% for the turbulence ±10 mm of the centerline.

intensity measurements. The Mean Flow Results

Experimental Results The mean velocity profiles for all vertical
measurement stations, including boundary layer

The Approach Boundary Laver profiles, are shown in Fig. 3. The abscissa shows

The -coppoch nnthe vertical station numbers, vertical dashed lines
Two-component and one-component velocity iniaetelcio of-r vlcty or ah

the will , respectively. The approach boundary station, the numbers above the dashed lines give

laver and momentum thicknesses for the uper and the x-locations of the stations, and the horizontal

lower boundary lavers were measured to be (2.26 and dashed line chosen to separate the upper and lower

. 0.18 mm) Pnd (1.50 and 0.14 mm). respectively. The flows for the ease of presentation of the

ratio of momentum thickness to boundary layer experimental results. The u velocity component

thickness for the upper and lower flows were r'rection was defined to correspond to the

approximately 5' and 1%, respectively, higher than freestream flow direction; parallel to the

"" the vales predicted by the method of Maise a~d x-coordinate, see Fig. 1, at station I for the

coa a incoming boundary layer flows, rotated 12.4 degreesYc D o n a l d - . B a se d o n t h e s e a n d e a r l i e r r e s u l t s '0 n c o k i e d r e t o o h p e h a l w

it appears that Maise and McDonald's prediction of in clockwise direction for the uooer shear flow.

compressible turbulent boundary layer momentum to and 18.5 degrees in counter-clockwise direction for

boundary layer thicknesses ratio is in better the lower shear flow. The v velocity component was

agreement with experimental results in low Mach orthogonal to the corresponding u component. The

numbers, upper and lower flow mean velocities were

Figure 2 shows the boundarylayers mean non-dimensionalized by u. and u 2 , respectively,

velocity data of the present stay in comparison where u and u-2 are tlhe upper and the lower

with the Maise and McDonald curve . The Mach 1.50 boundar
.  

layers freestream velocities,

e. boundary laver results show much better agreement respectively.

with the curve than the Mach 2.07 results do. The The mean velocity results for both flows show

skin friction coefficients, Cf. used in Fig. 2 were similar trends up to the last three stations where

determined from the wall-wake law which were both flows start showing fast "filling out" of the

0.00176 and 0.00247 for the upper and lower flows, profiles. In last three stations, the rate of"flln ot seems to be faster for the
respectively. These friction factors are the profiles "filling out"

range of values reported by Laderman for lower flow. This rapid development in mean

comparable Mach and Reynolds numbers. velocity profiles have been %lo observed in the

The boundary layer streamwise turbulence redeveloping boundary layers '. The Schliere

intensity results for both flows show consistently photographs of the present flowfield and earlier

hieher va1 ., than those for incompressible flow of experiments have shown existence of large eddies

Klebanrof , but in relatively good agreement with stretched in streamwise direction which seem to

.. -., . '. ., ', • I d ' ee---d -' -'1%



cause very enhanced mixing in redeveloping regions. rvpe of plateau have been observed in
This m rter will be further discussed in incompressible flow about one step height before

presentation of turbulence field results. reattachment. The approximate reattachment

-. " location was determined from oil streaks on glass
The Turbulence Field windows to be at x - 35 mm. The rate of increase

The streamwise turbulence intensities for all of turbulence intensities and shear stress areS the stations are shown in Fig. 4. The maximum higher for lower shear flow with lower Mach number.

turbulence intensitv in each station occurs around The freestream Mach numbers for the upper and lower
the sonic line for both shear flows YhAch is shear flows are 2.56 and 2.23, respectively. The

* consistent with earlier LD results and growth rate of compressible shear layers are
disagrees with hot-wire results which located the approximately a factor of 2 or core l_ than the

* maximum in the supersonic region. In stations 3-7, average incompressible results For
* the absolute maximum turbulence Intensitv in each compressible shear flows, the rowth ra; 2P

station for lower flow is higher than the upper Inverseiy proportional to Mach number '

flow and shows faster streamwise growth which could Therefore, the lower shear layer growth and
m be a Mach number effect which means larger entrainment rate are hieher. The entrained

entrainment of recirculating flow coming from recirculating flow coming from highly turbulent
highly turbulent reattachment region or could be reattachment region could he charging up turbulence
the effect of stronger distortion of the turbulence field of the lower shear flow and causing hiaher
field through expansion at the step. In stations turbulence intensity and shear stress. Another
8-10, the maximum turbulence intensitv in each possible cause could be the larger distortion of
station for both flows spreads across the shear the turbulence field passing though 18.5 degrees
layer and also decays in streamwise direction. An expansion at the step for the lower flow in
almost uniform turbulence intensitv across both comparison to upper flow with only 12.4 degrees
shear layers in the last station confirms existence expansion.
of enhanced mixing in redeveloping region which was The ratio of the kinematic shear stress to the
also observed by fast "filling out" of the mean estimated turbulent kinetic energy is shown In Fig.
velocity profiles in Fig. 3. R where k is es Wmated to be (3/4)(6 u  + " )

The transverse turbulence intensity profiles Harsha and Lee examined this parameter for
- are shown in Fig. 5. In two stations after boundary layer, two-dimensional and circular jet,

expansion at the step, maximum turbulence intensity and wake data in incompressible flows. They
occur around the sonic line which is similar to concluded that a value of 0.3 for this parameter is

"-. streamwise turbulence intensitv. Around the a reasonable value gr computationj purposes.
'. reattachment and afterwards, the peak turbulence 8radshaw and Ferriss' and radshaw- assumed a

intensity occurs at the interface region of two value of 0.15 for the parameter in their
flows which shows high turbulence momentum exchange compressible boundary layer calculations. This

. between two flows. The anisotropy ratio, 5 /5 , parameter which is called turbulence "structure

peaks around sonic line for both flows and dAecays parameter" in general doesn't vary significantlv,

rapidly toward interface of two flows. As shown in but as is seen in Fig. 8, the variation in this
Figs. 4-6, at the interface of two shear flows flowfleld is significant. Another turbulence
after reattachment, Reynold shear stress is small "structure parameter", shear stress correlation

and anisotropy ratio is nearly one. This type of coefficient defined as u'v'/6 6 , showed similar
turbutlnce is called isotropic turbulence in crude trend confirming significant turbulence structural
sense . change in the flowfield.

The evolutionary kinematic shear stress Figures 9 and 10 show two components ofS profiles are shown in Fig. 6. The general trend to turbulence triple products. The results show
some extent is similar to the streamwise turbulence significant increase in triple products, which most
intensity evolution; maximum stress occurring probably means increase in turbulence scale in the
around the sonic line, very high shear stress in recompression and interaction regions. This is
recompression and reattachment regions, and similar to results obtained in free shear layers

m absolute shear stress level in lower flow higher reattaching onto a solid wall and may be
than the upper one. The shear stress in the interpreted that solid boundaries at the
interface of two shear flows is very small wtych is reattachment region don't have significant impact

P similar to irbsonic flows behind airfoils and on the turbulence scale and also based on Fig. 7 on
blunt bodies . Growth of maximum shear stress in turbulence intensities. This is in contrast to

. both free shear layers in streamwise direction and speculation of significant effects of solid wall at
' existence of very large shear stress around the reattachmett 2 on turbulence characteristics in

reattachment region of this study are consistent subsonic flows ' .

! with earlier results where6 Sree shear layers Two components of triple products namely
attached onto solid surfaces ' . This seems to < (v')2u' > , Fig. 9, and <(u')

3 > show behaviors in
indicate that imposition of v - 0 by solid wall at transverse direction s9mar to those of
the reattachment region doesn't affect turbulence incompressible shear flows ' which means similar

' intensity or scale in compressible reattaching streamwise turbulence diffusion characteristic in
shear flowi ile in incompressible reattaching incompressible and compressible shear layers. The
shear flows ' -, the v = 0 restriction is believed significant difference between incompressible and
to be the cause of significant turbulent intensity compressible shear flows occur in< (u')2 v' >and

, and scale decay in the reattachment region. < (v')s > components of triple products which is
The maximum turbulence intensities and related to the diffusion of turbulence in

kinematic shear stresses are shown in Fig. 7. The transverse direction. In compressible shear flows,
general trends are the same f9r7 both shear flows see Fig. 10, in the lower edge of both shear flows
and similar to earlier results . The plateau in and also in the interaction region, turbulence
maximum turbulence intensities in compressible diffusion is inward (toward centerline) and in

* flows occur around reattachment region while same upper edges of the shear flows it is outward (away

(m
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% Iro neas-sanse 1']s is opposite a S. Havakawa, K., Smits, A.J., and Bodgitnoff,
i'ompressihlr , ' lor i.es and seers to he a .. , "Turbulence Measurements in a

Fignucant str-'ra1 difference, turbulence Compressible Reattaching Shear Layer," AIAA

prodFcigne vIh 
1'o s inifticat dubenity Journal, Vol. 2?, 'o. 7, 1984, pp. 889-895.

Th~ange thro,;<, rom sion and rcattachment. 6. Samimv, Y., Petrle, P.L. and Addy, A.L., "A
lurbulencp rrdu' i w.r is very high in developing Study of Compressible Turbulent Reattaching
shear *- w ! i4, sinilar to subsonic Free Shear Layers," AIAA paoer 85-1646,

reattachi r cheir :o,2 and other compressible presentee at the AIAA 18th Fluid Dynamics,
reictichine "c1r tlows ' but the high level of Plasma Dynamics, and Lasers Conference,
productior in re--7ression and reattachment region Cincinnati, OH, July 1985, also will be
' have not hr'r -served 'n incompressible flows, published in the February 1Q86 issue of the
-The 4ramalic decav of turbulence production in the ATAA Journal.
redevelopin, z1ovinn is obviously caused by fast
"fi'ling out" of enr velocity profiles in this 7. Samlmv, M., Petrie, H.L., nd Addy, A.L.,"

en mixing and is "Peattachment and Redevelopment of Turbulent

c orsitnr whic -. Prlir results
corsstent w~h earlier results" .Free Shear Layers," to be presented at the

onuinASME Winter Annual Meeting, Miami Beach,
Florida, November 1985.

Detail ex er~retal results of interaction 8. Petrie, H.L., Samimv, M., and Addy, A.L., "A
betweer two ;ro I ;hear layers utilizing Study of Compressible Turbulent rree Shear
two-cnmponert coincident !.PV were documented. The Tavers Using Laser Doppler Velocimetry," AIAA
genera' rre-.d4 f7r- hoa shear lavers are the same paper 85-0177, 1985.
and simi'ar to thr, of compressthle shear layers

4- reattaching irto qelid sur'ares. Therefore, in 9. Ikawa, H., and Kubota, T., "Investigation of
contrast to incorreqsible reattaching shear lavers Supersonic Turbulent Mixing layer with Zero
where imposition ., v = 0 restriction by the solid Pressure Gradient," AIAA Journal, Vol. 13, No.
surface at the reattachment location believed to 5, 1975, pp. 566-572.
significantly ccreaqe turbulence scale and
intensties, this d1esn't aprear to be the case in 0. Page, R.H. and Serans, V., "Apparent Reverse
compressible -- r flows. Also, the results Transition in an Expansion Fan," AIA Journal,
confirmed earlier Fin!ings of essential structural Vol. 8, No. 1 1970, pp. 189-190.
difference between compressible and Incompressible
shear flows esnec~allv in terms of diffusion of 11. Small, R.D. and Page, R.H., "Turbulent
turbulence energ.% in transverse direction. The Supersonic Boundary Layer Flow in the
turbulence intensit" levels and rate of increase in Suehrocond ary Laer, Aow nathe

~Tteamir diec i~ In~har evr wth owr MchNeighborhood of a 90* Corner," Astronatiticastreamwire directi,,n Ir shear layer with lower Mach Aria, Vol. 18, No. 2, 1973, pp. 99-107.

number were higher which could he caused by either
higher entra~nrpnt rate of highly turbulent 12. Lewis, J.E. and Behrens, W., "Fluctuation
recirculating flow and/or by higher distortion of Measurements in the Wake With and Without Base
turbulence field at the separation location. Injection," AIAA Journal, Vol. 7, No. 4, 1969,
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ABSTRACT Y Displaced vertical coordinate

An experimental investigation was conducted to L Ramp angle
-. study the interaction between a shock wave and a tur-

bulent boundary layer. The boundary layer was formed a Boundary layer thickness
on the floor of a wind tunnel operating with a free- .
stream Mach number of 2.94 and a Reynolds number based a Boundary layer displacement thickness

5
on boundary layer thickness of 3.1 x 10 . A 20 degree
compression corner model was used to generate the 60 Undisturbed boundary layer thickness at X * 0
interaction flowfield. Measurement techniques used in
this investigation included Schlieren photography, 8 Boundary layer momentum thickness

* surface static pressure measurement, surface streak
pattern measurement, and laser Doppler velocimetry Wake strength parameter
(LDV). The LOV was used to make two-color, two-
component coincident velocity measurements within the > Root-mean-square quantity
redeveloping boundary layer downstream of the inter-
action. The results of the LOV measurements indicated Subscripts
that both the mean and turbulent flow properties of
the boundary layer were significantly altered by the e Boundary layer edge condition
interaction, with large increases In the longitudinal
turbulence intensity and Reynolds stress observed in Freestrem condition, upstream of the shock
the redeveloping boundary layer.

I 3NCLATURE Superscripts

Re6  Reynolds number based on boundary layer Ensemble average

thickness Fluctuation from the mean value

u Mean velocity component parallel to the wind 111IRODUCTION
tunnel floor or ramp surface

-Mean velcity cowponent perpendicular to the The Interaction between a shock wave and a turbu
win tenvelo o on perpe lent boundary layer occurs frequently in high spee

wind tunnel floor or ramp surface flight. A thorough understanding of the effects o
Longitudinal coordinate the Interaction on the downstream boundary layer I

c. essential If flows of this nature are to be predicte

S Vfertical coordinate accurately. The purpose of this investigation was t
e a r tmake accurate, reliable, and well-documented measure

Ii. ments within the redeveloping boundary layer downI
stream of a shock wave-turbulent boundary layer inter-
action, and thus aid in the understanding of thi
fundamental nature of these highly complex flowfields

The shock wave-boundary layer interaction in thi
.3 investigation was generated by a compression corner
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or ramp, mounted directly on the floor of a small- Detailed surveys were made of the boundary layer
scale supersonic wind tunnel. Flowfields of this type which had formed on the lower wall of the wind tunnel
can contain a separated region near tne corner loca- using the two-component laser Doppler velocimeter.
tion, depending upon ramp angle and the other flow The results of these surveys indicated that the
properties. The principal features of the separated boundary layer was nearly fully developed, but some
compression corner flowfield are shown in Fig. 1. The changes in the velocity profile were still taking
incoming boundary layer separates upstream of the place with X. The boundary layer in the center of the
corner. The separation shock wave originates deep test section had a thickness of 8.27 mm (u = 0.99u.).
within the boundary layer near the separation point A curve fit of the boundary layer data with the
and extends up into the freestream. The upstream transformed wall-wake law of Malse and MacDonald (2)4
boundary layer becomes a free shear layer as a result
of the separation process and subsequently reattaches yielded a wake strength parameter, , of 0.98, which
on the ramp surface. The shock structure caused by is somewhat high but not without precedenct ().
the reattachment process coalesces to form a single Integration of the definitions of displacement and*

reattacnment shock which In turn coalesces with the momentum thickness yielded values of a -3.11 mm and
separation shock to form the single oblique shock wave e - 0.57 mm. The Reynolds number within the test
associated with a sudden change in flow direction in section based on boundary layer thickness, Re,, was
supersonic flow. Downstream of reattachment, the r
boundary layer redevelops into an equilibrium turbu- 3.1 x 10
lent boundary layer. The model used in this investigation is shown in

The objective of this study was to make detailed Fig. 2, along with the coordinate system used in the
turbulence measurements within the redeveloping presentation of the experimental results. The 20boundary layer downstream of a shock wave-turbulent degree compression corner model consisted of a rampboundary layer interaction and compare the properties mounted on a ramp support, with the forward part ofof the redeveloping boundary layer with the properties the ramp support forming the lower wind tunnel wallof the undisturbed boundary layer. A compression upstream of the corner. The section of the model
corner angle of 20 degrees was used to generate a downstream of the ramp sloped gradually back down to
flowfield with a relatively large separated flow the floor level to reduce the disturbances' within the
region. Surface static pressure measurements, wind tunnel test section caused by the model during
Schlleren photographs, and surface flow visualization the experiment.
techniques were used to determine some of the mean The ramp and ramp support were made of aluminum
flowfield characteristics. A two-color, two-component and anodized flat black to reduce laser light reflec-
laser Doppler velocimeter was used to make mean and tions during the LDV measurements. The model support
turbulent velocity measurements within this highly was sealed along the side walls and upstream of the
complex flowfield. corner where the support mated with the wind tunnel

EXPERIMENTAL FACILITIES floor with linear o-ring material. The corner was
sealed with a gasket sealing compound. Static pres-

The wind tunnel used in this investigation was sure taps 0.57 on in diameter were located every 2.54in liThe longitudiallyuondthensurfaciofetheirampoandao
part of the blow down wind tunnel facility located in mm longitudinally on the surface of the ramp and on

the Mechanical Engineering Laboratory of the the model support upstream of the corner.

University of Illinois. Compressed air at approxi- The model used in this study spanned the full
mately 965 kPa (140 psia) was supplied to the wind 10.2 cm width of the test section. It may have proved
tunnel stagnation chamber through a piping network beneficial to have used a narrower ramp model with
Thesplitter plates located along the sides to eliminate
by means of a pneumatically operated control valve the effects of the side wall boundary layers on thewhich was capable of maintaining the selected stagna-tion pressure with an accuracy of 1.5 percent during shock wave-boundary layer interaction, similar to

-t s ith n a those used in other studies (3,4). However, the side
data acquisition. wall splitter plates would have denied optical access

to the interaction region, and thus would have madeThe test section within the wind tunnel had a LDV measurements impossible. As a result of this, it
square cross section 10.2 cm on a side. A solid was decided to use a full span model and to experi-
aluminum nozzle block produced a Mach number of 2.94 mentally determine the extent of the side wall
with a maximum deviation of less than I percent in the boundary layer interference with surface flow pattern
test section. Transparent windows in the wind tunnel
side walls provided the optical access necessary for measurements.

Schlieren photography and laser Doppler velocimetry. ASURENENT "N
Additional details of the wind tunnel facility can be
found in Reference 1. The primary measurement technique employed in

A stagnation pressure of approximately 483 kPa this investigation was laser Doppler velocimetry. The

(70 psia) was used during the course of this investi- LDV system was used to make detailed flowfield mea-

gation. This stagnation pressure was high enough to surements within the up.t'eam and redeveloping turbu-

ensure that the flow within the freestream of the wind lent boundary layers, anu the majority of information

tunnel was completely supersonic, yet was low enough presented here is a result of this measurement tech-
nique. To complete the study of this flowfield,to allow run times of approximately 90 seconds. The Schlteren photographs, surface static pressure

flowfleld stagnation temperature was close to the mchsuren a p surface st atic ressure
ambient temperature within the laboratory, thus yield- measurements and surface streak pattern measurements
ing nearly adiabatic conditions within the wind tunnel
boundary layers. 4Numbers in parentheses refer to entries in

REFERENCES.
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:1'~ were used to determine the quality of the wind tunnel The statistical uncertainty involved in determin-
flowfleld, and to determine other properties of ing mean velocities from individual velocity measure-
interest in the regions near the compression corner. ments in turbulent flowfields is a function of the

* -sample size and the local turbulence intensity. The
The laser Doppler velocimeter used in this study sample size in this investigation was increased as

was a two-color, two-component system utilizing opti- local turbulence intensity increased, with 1024
cal and electronic components manufactured by Thermal samples taken when the local turbulence intensity was
Systems Incorporated (TSI). A Spectra-Physics 5-watt less than 10 percent, 2048 samples taken when the
argon-ion laser operating in the multi-line mode was local turbulence intensity was between 15 and 25

*used to provide the necessary laser light. The beam percent, 3072 samples taken when the local turbulence
from this laser was split Into its various components intensity was between 25 and 30 percent, and 4096
with a dispersion prism, and the two most powerful samples taken when the local turbulence intensity'p beams, the green beam with wavelength of 514.5 nm and exceeded 30 percent. From a statistical analysis, the
the blue beam with wavelength of 488.0 nm, were used uncertainty in mean velocity was found to be less than
in these experiments. Each of these beams was split 2 percent and the uncertainty in turbulence intensity
into two equal intensity parallel beams, and one of was found to be less than 3.6 percent for the measure-

each of the pairs of beams was then passed through a ments of the redeveloping boundary layer downstream ofBragg cell which shifted the frequency by 40 MHz. A the 20 degree compression corner.
350 rmm focal length lens was used to redirect the four
parallel beams, causing them to cross at a single Mean and turbulent flow properties computed from
point within the wind tunnel to generate the measure- LDY data have been shown in the literature to be
ment volume. A measurement volume diameter of 0.18 m'm affected by certain biasing errors, most notably

* *. and a measurement volume length of 6.1 umm were velocity biasing (5) and fringe biasing (6). VelocityKobtained with this optical arrangement. The collec- biasing results from the fact that in a turbulent flow
tion optics were located on the opposite side of the with uniformly distributed particles, a larger volume
wind tunnel in the forward scatter position and were of fluid passes through the measurement volume during
rotated 10 degrees off the optical axis to simplify periods when the velocity is higher than the mean,
alignment and to reduce the effective length of the than when the velocity is lower than the mean. Thus,
measurement volume to less than 2 on. The transmit- a simple average of the individual velocIty measure-

*ting and receiving optics were mounted on a traversing ments is biased towards higher velocities. Fringe
table which allowed manual positioning of the measure- biasing results from the fact that a particle must

* . ment volume within the wind tunnel with an accuracy of cross a pre-selected number of fringes within the
±0.1 mm. measurement volume for its velocity to be measured.

Thus, particles traveling in a direction parallel to
A 250 mm' focal length lens was used to collect the fringe plane are not "seen" by the LOY and this

the scattered light, and a filter arrangement was used results in a bias in favor of particles travelinga to separate the green and blue signals. Two photo- perpendicular to the fringe plane. The effects of
multipliers converted the scattered light of each velocity biasing were essentially eliminated from the
color into voltage signals for analysis, results of this investigation by weighting the veloc-

ity measurements with the two-dimensional velocity
The photomultipliers were connected to TSI fre- bia corcto fatr //u + 1) h

quency counters which filtered the signals and per- effes cofreciong basing, were significantly ee
*formed validation checks to eliminate erroneous efcso rnebaigwr infcnl eue

signals. The output from the counters was stored by frequency shifting such that the fringes moved in a
directly in the memory of a Digital POP 11-03 minicom- direction opposite to that of the mean flow, and by

* puter, which converted the counter output into veloc- orienting the fringe planes at t 45 degrees relative
ities and stored the data on a floppy disk. The data to the wind tunnel floor for the upstream boundary
was then transferred to a Hewlett-Packard 9000 series layer surveys, and at ± 45 degrees relative to the

fo hruhaayi.ramp surface for the downstream boundary layer
copuersurveys. A comparison between the two-dimensional

The seed particles for the LDV measurements in velocity bias corrected data and data corrected with
this investigation were generated by atomizing sill- both the two-dimensional velocity bias correction and

LW cone oil. The oil droplets were introduced in the a fringe bias correction based on the study of
stagnation chamber upstream of the wind tunnel. A Buchhave (6) showed that the effects of fringe bias
series of experiments was conducted to determine the were not significant in comparison to the effects of
size of these particles in which two-component veloc- velocity bias, and thus the results presented here
ity measurements were made downstream of an oblique were corrected with the velocity bias correction only.

* shock wave generated by an 8 degree compression corner EPRINA EUT
* . in the Mach 2.94 flowfield. The particle response was EPRNKA EUT

compared to the predicted response of particles of TeShirnsse a sdt iwte2various sizes. The results of this study indicated TeShirnsse a sdt iwte2
that the silicone oil droplets had an effective mean degree compression corner flowfleld during the initial

* diameter of 1.5 to 2 um. Particles of this size have phases of this investigation. The freestream flow was
* ben sownto ave suficentfreqenc repone ~ observed to be completely supersonic and some unstead-

track large scale velocity fluctuations found down- ieswsosre ntesprto hc tutr
stream of shock wave-turbulent boundary layer inter- similar to that reported by Dolling and Murphy (7) in
actions (1'). Some particle lag was measured in the a 24 degree compression corner flowfield. Surface
regions imrmediately downstream of the shock wave due streak patterns were used to determine the separation
to the large velocity gradient generated by the shock and reattachment locations, and to determine the

*wave. The measurements reported in this study were extent of the influence of the side wall boundary
confined to regions far enough from the shock wave layers on the flowfield. Separation was found to
such that the effects of particle lag were not take place a distance of 1.63 60 upstream of the
significant, corner. The separation line was relatively straight
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and spanned the center 5 cm of the wind tunnel, the shock wave, is shown in Fig. 6. It can be seen in
Reattachment occurred a distance of 0.52 60 from the this figure that the turbulence intensity was signif-
corner on the ramp face, with the reattachment line icantly increased by the interaction between the shock
spanning the center 7 cm of the wind tunnel. Some wave and the boundary layer. The turbulence intensity
three-dimensional effects were seen in the streak profiles reach a maximum value within the central
lines within the separated region near the wind tunnel regions of the boundary layer, and decrease as both
side walls, but it is felt that these effects did not the freestream and the wall are approached. The

N." 1 disturb the centerline flow downstream of turbulence can be seen spreading vertically with the
reattachment. Intensity profiles becoming flatter in the downstream

stations. A gradual decrease in the peak turbulence
The mean surface static pressure distribution is intensity accompanies this diffusion process as the

shown in Fig. 3. The solid line to the right of the boundary layer recovers from the effects of the inter-
experimental data represents the theoretical down- action process. It can be seen, however, that the
stream pressure determined from oblique shock wave turbulence intensity profile at the last measurement
theory. It can be seen in this figure that the pres- station was still substantially different from the

N sure rise began well upstream of the corner (X - 0.0) upstream profile, and that the ramp was of insuffi-
due to the presence of the separated region. The cient length for the boundary layer to return to
pressure distribution exhibits the "kink," or triple equilibrium conditions.
inflection point characteristic which is typical of
separated compression corner flowfields (3). The The vertical turbulence intensities, <v'>, non-
static pressure on the ramp face rose gradually and dimensionalized by u., are presented in Fig. 7. The
reached a plateau level within 5.5 percent of the vertical turbulence intensity, like the streamwise
theoretical value. turbulence intensity, was significantly amplified by

the interaction. However, unlike the streamwise tur-
The mean streamwise velocity profiles upstream bulence intensity, the vertical turbulence intensity

and downstream of the shock wave-boundary layer inter- shows very little dependence on Y , and is nearly
action are Shown in Fig. 4. The profiles downstream constant throughout the redeveloping boundary layer
of the interaction exhibit wake-like properties, and within the freestream downstream of 'the shock

-'. similar to those observed by other investigators wave. There is a slight tendency for <v'> to reach a
...... downstream of separated compression corners (3), and maximum near the edge of the boundary layer, but this

downstream of reattaching free shear layers (8). characteristic is not found In all the profiles.
These wake-like profiles resulted from the shear layer
velocity profile which formed the initial condition The kinematic Reynolds stress, u'7r , nondimen-
for the redeveloping boundary layer. The shear layer sionalized with the square of the undisturbed free-
formed from the upstream boundary layer separation and 2
developed its wake-like characteristics from inter- stream velocity, u , is presented in Fig. 8. It can
action with the separated region in the compression be seen in this figure that, like the streanmise
corner. The velocity profiles downstream of reattach- turbulence intensity, the Reynolds stress was signifi-
ment experienced a rapid "filling out," which can be cantly increased by the interaction. The large mag-
seen in this figure. This rapid change in the nitude of the Reynolds stress is further indication of
boundary layer profiles was most likely caused by the existence of large scale turbulent structures
enhanced turbulent mixing due to the formation of within the redeveloping boundary layer. The Reynolds
large scale eddies, and further adds to the wake-like stress profiles reach maximum values In the central
appearance of the boundary layer profiles. The regions of the boundary layers, with the maximum value
decrease in the measured streamwise velocity with X, in each profile decreasing as the flow proceeds down-
which can be seen in the outer regions of the boundary stream. The Reynolds stress, like the turbulence
layers downstream of the corner, was caused by a com- intensity, diffuses outward through the boundary layer
bination of two effects. The surface static pressure as the effects of the interaction begin to diminish.
distribution, shown in Fig. 3, indicates that the
pressure was still rising at the longitudinal loca- The trends in the Reynolds stress of this
tions where the velocity profiles shown in Fig. 4 were investigation agree quite well with those found by
measured. Thus, the flow In this region was still Muck and Smlts (4) in their investigation of a 20
turning and decelerating in the final stages of the degree compression corner flowfield with similar flow
compression process. Also, it is possible that the conditions. The tendency for the Reynolds stress to
effects of particle lag may have contributed to the reach a maximum in the central regions of the boundary
decrease of u with X, and the extent to which particle layer, the gradual decay in Reynolds stress with X
lag is affecting the results is uncertain, downstream of the interaction, and the vertical diffu-

sion of the Reynolds stress In the boundary layer can
1-01 The vertical velocity component profiles for the all be seen in their hot wire results. However, the

compression corner flowfield are presented in Fig. magnitudes of 2 reported by Muck and Smits
The negative vertical velocities in the outer regions
of the boundary layers are further I dications that are significantly lower than the results of the cur-

- .-* the change in flow direction during the recompresslon rent investigation, with the maximum values differing
process takes place gradually. The small positive by factors greater than 2. This large discrepancy is

-I' vertical velocities seen in the lower regions of the most likely caused by calibration problems associated
last two stations in Fig. 5 accompany the rapid with the slanted hot wire technique used by these
"filling out" of the streamwise profiles seen in Fig, authors. Muck and Smits state that the hot wire cali-
4, and are a result of the severe changes which are bration Is only valid in regions In which the Mach
taking place within the boundary layer as the wake- number component normal to the wire exceeds 1.2.
like characteristics diminish. Taking into account the 30 degree yaw angle of the

slanted hot wires, this yields a lower Mach number
The longitudinal turbulence intensity, nondimen- limit of 1.39. The local Mach numbers at the regions

sionalized with the freestream velocity upstream of of maximum Reynolds stress in the current
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investigation were all below 1.39. In addition to 6. Buchhave, P., "Biasing Errors in Individual
S.. these low mean Mach numbers, the high turbulence Particle Measurements with the LDA-Counter Signal

intensities in these regions indicate that the local Processor," Proceedings of the LOA-Symposium,
Mach number frequently drops far below the calibration Copenhagen, Denmark, 1975.
limits, and these periods of low Mach number con-
tribute significantly to the magnitude of =. 7. Dolling, D. S. and Murphy, M., "Wall Pressure
Considering these factors, it is not surprising that a Fluctuations in a Supersonic Separated Compression
discrepancy exists between Reynolds stresses measured Ramp Flowfield," AIAA Paper 82-0986, 198?.

, . with slanted hot wires, and those measured with two-
- component LDV systems in highly turbulent flowfields. 8. Samimy, M., "An Experimental Study of Compressible

Turbulent Reattaching Free Shear Layers," Ph.D.
CONCLUSIONS Thesis, Department of Mechanical and Industrial

Engineering, University of Illinois at Urbana-
The interaction between the shock wave and the Champaign, 1984.

.-(" turbulent boundary layer, and the resultant separated
region, caused significant changes in both the mean
and turbulent properties of the boundary layer. The
mean velocity profiles appear very wake-like as a

' result of the separation and reattachment processes,
and experience a very rapid "filling out" as the flow
proceeds downstream. The longitudinal turbulence
intensity and Reynolds stress are significantly

Seo~r. toamplified by the interaction, and reach maximum values s ,
% -within the central regions of the boundary layer. The

Reynolds stress values obtained in this investigation , - -.

are significantly higher than values which have been - - .
measured in similar flowflelds with slanted hot wires,
and this discrepancy is believed to be due to the
calibration problems associated with hot wire systems ,,ote,
in highly turbulent supersonic flows. The rapid

. acceleration of the fluid near the wall and the large
Reynolds stress values within the redeveloping

! - boundary layer indicate the presence of large scale
turbulent structures in the flow downstream of the
shock wave-turbulent boundary layer Interaction.
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_Abstract X+ longitudinal coordinaie parallel to the
5. ramp plane

An experimental investigation was conducted to study y vertical coordinate

the interaction between a shock wave and a turbulent

boundary laver. Compression corner models mounted on di, • displaced vertical coordinate
a wind tunnel floor were used to generate the oblique
shock wave in the Mach 2.94 llowfield. Ramp angles o ramp angle
of R. 12, 16. 20, and 24 degrees were used to produce
the full range of possible Ilowfields. including flow with 6 boundary layer thickness
no separation, flow with incipient separation. and flow
with a significant amount of separation. The principal 6* boundary laver displacement thickness
nieasuremeni technique used was laser Doppler velocime-
Ir% (LDV). which was used to make two component co- &, undisturbed boundary layer thickness at
incident velocity measurements within the redeveloping X = 0

-'w ' boundary laver downstream of the interaction. The re-,0 boundary layer momentum thickness
suits of t he L)V measurements indicated that the bound-
ary layer was significantly altered by the interaction. The II wake strength parameter
mean streanwise velocity profiles downstream of the sep-
arated compression corners were very wake-like in nature, < > root-mean-square quantity
and the boundary layer profiles downstream or all the
interactions showed an acceleration of the flow nearest
the wall as the boundary layers began t.o return to equi. Subscripts

. librium conditions. Significant increases in turbulence
intensities and Reynolds streses were caused by the in- e boundary layer edge
teractions, and indications of the presence of large scale
turbulent structures were obtained in the redeveloping MAX maximum
boundary layers.

NomitndAture R reattachment

M Mach number S separation

P pressure 01 freestream condition, upstream of the
- . lyrthcns uprcit shock wave

Re, Reynolds number based on boundary

layer thickness Superscripts
u ,mean velocity component parallel to the

wind tunnel floor or ramp surface ensemble average
v mean velocity component perpendicu!tr

to the wind tunnel floor or ramp surface fluctuation from the mean value

X longitudinal coordinate
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Introduction Reference 1. The purpose of this paper is to present a

The nteacton etwen shok wve nd tubu- overview of the data obtained in this investigation, with
The nteacton etwen shok wve nd tubu- emphasis on the effects of increasing shock strength on

lent boundary layer has been a topic of interest to re- the various flowfield parameters.
searchers for many years. Flowlields of this type occur
frequently in high speed flight, and a thorough knowl- Experimental Facilities
edge of the effects of the shock wave on the boundary
layer properties is necessary for accurate flowfield predic- The experiments described in this paper were con-
tion. The investigation described in this report was con- ducted in the Mechanical Engineering Laboratory of the

*ducted in order to provide detailed mean and turbulent University of Illinois at Urbana-Champaign. The wind
flowfield properties within boundary layers downstream tunnel used operated in the blow down mode and had
of shock wave-turbulent boundary layer interactions of a 10.2 by 10.2 cm square test section. A solid alu-
various strengths. minum nozzle produced a Mach number of 2.94 within

A review of the literature published in this area the test section. Transparent windows within the wind
indicates that there is an need for additional mea- tunnel side walls provided the optical access necessary
surements within shock wave-boundary layer interaction for Schlieren photography'% and laser Doppler velocimetry.
flowfields '. A great deal of effort has been dedicated to Additional details of the wind tunnel facility cant be found
determining mean properties within these fiowfields 2- in Reference 1.
and some investigations have measured turbulent flow- The data of this investigation was obtained with a
field properties 6-"., Unfortunately, the few investiga- wind tunnel stagnation pressure of approximately 483
tions which have used hot wire or laser Doppler velocime- kPa (70 psia). This pressure level was high enough to
ter (LDV) systems to study these flowfields have been ensure proper supersonic operation of the wind tunnel,
limited to single component measurements, and thus have yet was low enough to permit relatively long run times
presented a rather limited amount of information. The of approximately 90 seconds. The stagnation tempera-
numerical simulations of these flowfields have achieved ture was near the ambient temperature in the laboratory
some degree of success, but no turbulence model has yet facility, and thus the wind tunnel operated with nearly
been developed which can be used to predict all aspects adiabatic conditions within the wall boundary layers.
of the problem accurately. Advances in turbulence mod- Detailed boundary layer surveys were made with the
eling await a better understanding of the nature of turbu- two component LDV in the turbulent boundary layer
lence itself. The current investigation was conducted with which formed on the floor of the wind tunnel in the ab-
a two component LDV system, and thus has produced sence of the compression corner model. This boundary
new information concerning the nature of the turbulence layer was found to be nearly fully developed, with only
downstream of the shock wave-turbulent boundary layer very small differences in the dimensionless profiles exist-
interaction. ing between measurement stations within the test section.

Compression corner models, or ramps mounted on the The boundary layer in the center of the test section had
wind tunnel floor, were used to generate the oblique shock a thickness of 8.27 mm (u, = 0.99 u.,). A curve fit of

waves for this study. Ramp angles of 8, 12, 1b, 20, and te boundary layer data with the transformed wall-wake
24 degrees were used to produce the full range of possible law of Maise and McDonald"3 yielded a wake strength
flowfields, including flow with no separation, flow with parameter, Hl, of 0.98, which is somewhat high but not

incipient separation, and flow with a significant amount without precedence'. Integration of the definitions of

of separation. In this manner, the effects of increasing displacement and momentum thickness yielded values of
shock strength on the turbulent properties of the bound- 6* = 3.11 mm and 0 = 0.57 mm. The Reynolds number

ary layer were studied systematically. within the test section based on boundary layer thickness,

Measurement techniques used in this investigation ReA, was 3.1 x 106.

included Schlieren photography, surface static pressure A diagram of a typical compression corner model is
measurement, surface streak pattern measurement, and shown in Fig. 1 with the coordinate system used in the
laser Doppler velocimetry. The LDV system was used to presentation of the experimental data. A complete com-
make two component coincident velocity measurements pression corner model consisted of a ramp mounted on
within the upstream boundary layer and within the rede- a ramp support. The forward part of the ramp support
veloping boundary layers downstream of the interactions,' formed the lower wind tunnel wall upstream of the cor-
The two component nature of the LDV system allowed di- ner. The section of the model downstream of the end
rect measurement of the two instantaneous velocity com- of the ramp sloped gradually down t.0 the floor level of
ponents. This data then enabled calculation of the two the wind tunnel to reduce the disturbances caused by the
mean velocity components, as well as various turbulence models during the wind tunnel startup process.
properties such as turbulence intensities, Reynolds stress, The five ramp models and the ramp support were

*turbulence structure parameters, skewness and flatness made of aluminum and anodized flat black to reduce
coefficients, and turbulence triple products. Space limi- laser light reflections during the LDV measurements. The
tations prevent the presentation of all the data obtained, model support was sealed along the side walls and up-
but a complete presentation of this data can be found in stream of the corner where the support mated with the
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wind tunnel floor with linear o-ring material. The june- orthogonal fringe patterns necessary for two component

tion between the ramp and the ramp support which velocity measurements.

formed the compression corner was sealed with gasket The beam spacing and 350 mm lens used in this inves-
sealing compound. Static pressure taps 0.57 mm in di- tigation produced a measurement volume diameter of ap-
ameter were located every 2.54 mm longitudinally on the proximately 0.18 mm and a measurement volume length
surface of the ramps and on the model support upstream of approximately 6 mm. The fringe spacing was approx-
of the corner. imately 8.5 om. and the fringe velocity due to the fre-

The models used in this study spanned the full 10.2 quency shifting was approximately 340 m 'sec. The laser

cm width of the test section. It may have proven ben- and transmitting optics were mounted on a traversing ta-

eficial to have used narrower ramp models with split- ble which could be moved manually in three directions by

ter plates located along the sides to eliminate the ef- iueans of threaded rod arrangements with an accuracy of

fects of the side wall boundary layers on the shock wave- approximately 0.1 mm. In this manner the measurement

boundary layer interaction, similar to those used in other volume could be positioned at any location within the

studies -. However, the side wall splitter plates would wind tunnel test section.
have denied optical access to the interaction region, and The collection optics were located on the opposite side

J thus would have made LDV measurements impossible. of the wind tunnel test section, and consisted of a 250'
As a result, it was decided to use full span models and mm focal length lens to collect the scattered light and a
to experimentally determine the extent of the side wall dichroic mirror and filter arrangement to separate the two

boundary layer interference with surface flow pattern color signals. These optical components were oriented 10
measurements. degrees off the optical axis in order to simplify alignment

procedures, and to reduce the effective measurement vol-

Measurement Techniques ume length to less than 2 mm. Photomultipliers con-
verted the scattered light signals to analog voltage sig-

The primary measurement tool used in this investi- nals, and TSI frequency counters were used to determine
gation was a two color laser Doppler velocimeter system. the frequencies of the signals. and to perform validation

This system was used to obtain two component mean ve- checks to remove erroneous data. The output from the

locity and turbulence property measurements in both the counters was stored directly in the memory of a'Dig-

upstream and redeveloping downstream boundary layers ital Equipment Corporation PDP 11-03 minicomputer,
- within the five compression corner flowfields. In addi- which converted the output into velocities and stored the
tion to the LDV measurements, surface static pressure data on floppy disks. The data was then transferred to a
measurements, surface streak pattern measurements, and Hewlett-Packard 9000 series computer for thorough anal-

high speed Schlieren photographs were also taken. The ysis.

pressure measurements were used to determine the lo- The seed particles used in this investigation consisted

cation of the beginning of the interaction, and to ensure of silicone oil droplets which were introduced into the

that the ramp models were long enough to achieve a com- wind tunnel stagnation chamber. A series of experi-

plete pressure rise. The surface streak patterns were used ments was conducted with the LDV Rystem to determine

to check for flowfield three-dimensionality, and to deter- the mean particle size, in which two component veloc-

mine the existence of separation. and the separation and ity measurements were made immediatel.% downstream of

reattachment locations. The Schlieren photographs were the oblique shock wave generated b% the 8 degree com-

used to map the flowfield, and to look for any gross flow- pression corner in the Mach 2.94 flowfield. The mean

field unsteadyness. velocity measurements were then compared to predicted

The LDV system used in this investigation was a two velocities of particles of various sizes in the same flow-

color, two component system utilizing optical and elec- field conditions. The results of this series of experiments

tronic components manufactured by Thermal Systems In- indicated that the silicone oil droplets had a mean effec-

S7 corporated (TSI). A Spectra-Physics five Watt argon-ion tive diameter of between 1.5 and 2 um. Particles of this

laser operating in the multi-line mode produced the nec- size have been shown to have a sufficient frequency re-

essary laser light. The beam from the laser was split into sponse to track the large scale velocity fluctuations that

its principal components with a dispersion prism, and exist downstream of shock wave-turbulent boundary layer

the green beam, with a wavelength of 514.5 nm, and the interactions . The effects of particle lag were seen to

blue beam, with a wavelength of 488 nm, were used by some extent in the mean velocity measurements in the re-

the system. Each of these two beams was reflected down gions immediately downstream of the oblique shock waves
"J the optical axis with plane surface mirrors, and split into due to the large velocity gradients in these regions. The

t i y b tiinfluence that particle lag had on the data obtained in,, two equal intensity parallel beams with beamnsplitting Op-

tics. One beam of each of the two sets of parallel beams this investigation will be discussed during the presenta-

was then passed through a Bragg cell in order to shift tion of the experimental results.

the frequency by 40 MHz. The four parallel beams were The statistical uncertainties involved in determining

then passed through a 350 mm focal length lens, which mean velocities from individual velocity measurements

caused the four beams to cross at a single point. This is a function of the sample size and the local turbu-

produced the measurement volume containing the two lence intensity. The sample size in this investigation was

3
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increased as local turbulence intensity increased, with Expei'mental Results
1024 samples taken when the local turbulence intensity

was less than 15 percent, 2048 samples taken when the The Schlieren system was used to view the five corn-

local turbulence intensity was between 15 and 25 per- pression corner flowfields during the initial phase of this

cent, 3072 samples taken when the turbulence intensity investigation. The freestream flow was observed to be

was between 25 and 30 percent, and 4096 samples taken completely supersonic, and some unsteadyness was ob-

when the local turbulence intensity exceeded 30 percent. served in the shock structures. particularly in the large

From a statistical analysis, the uncertainty in mean ye- ramp angle configurations, similar to the unsteadyness

locity was found to be less than 2 percent for all velocity reported by Dolling and Murphy"6 in a 24 degree corn-

profiles with the exception of the two profiles nearest the pression corner flowfield. The presence of separation near

compression corner in the 24 degree flowfield, in which Io- the corner was clearly visible in the Schlieren photographs

cal turbulence intensities reached values greater than 100 of the 16, 20, and 24 degree flowfields.

percent and the statistical uncertainty in mean velocity Surface streak patterns were obtained with two tech-

is of the order of 3 percent. The statistical uncertainty niques, one using an extremely viscous oil, and a second

in turbulence intensity can be shown to be a function of using a kerosene-zinc oxide mixture. These techniques

• sample size only, and for the current investigation was indicated the presence of separation in the 16, 20, and

* '*~everywhere less than 3.6 percent. 24 degree compression corner flowfields, as well as the

Mean and turbulent flow properties computed from presence of an extremely small amount of separation in
the 12 degree compression corner flowfield. This result is

LDV data obtained with counter type signal processors consistent with the results of Settles2, who found a very

have been shown in the literature to be affected by biasing small separated region in a Mach 3, 10 degree compres-
errors, most significantly velocity biasing 4 and fringe sion corner flowfield using a similar surface flow pattern

* .~ biasing ". Velocity biasing results from the fact that in technique. From the results of these surface streak pat-

a turbulent flow with uniformly distributed particles, a terns the suls o t ons s re

largr vlum offlud pssesthrughthemeaureent terns, the dimensionless separation locations, Xs /bu., were
larger volume of fluid passes through the measurement found to be -0.12, -0.71, -1.63, and -2.95, for the 12,-16,

volume during periods when the velocity is higher than 20, and 24 degree flowfields, respectively. The dimen-

the mean, than when the velocity is lower than the mean. sionless reattachment locations, Xk/6o, were found to be

Thus, a simple average of the individual velocity measure- t

mens i bisedtowrdshihervelcites.Frigebiasing 0.09, 0.15, 0.52, and 1.11, for the 12, 16. 20, and 24 degree
.ments is biased towards higher velcities. Fringe flowfields, respectively. The surface streak patterns indi-
results from the fact that a particle must pass through a cated some three dimensionality in the 16, 20, and 24 de-

given number of fringes within the measurement volume gree compression corner flowfields due to the presence of
for its velocity to be measured. Thus, particles traveling the side wall boundary layers. As mentioned previously,
in a direction parallel to the fringe plane are not "seen" this could have been significantly reduced with the use

by the LDV, and this results in a bias in favor of par- of side wall fences to reduce the effects of the wind tun-

ticles traveling perpendicular to the fringe plane. The nel walls. However, the optical access necessary tr the

measurements of this investigation were corrected for the LDV measurements made the use of fences impossible.

* effects of velocity biasing by weighting each measurement In all configurations, the reattachment line was found to

with the two-dimensional velocity bias correction factor be very straight and free of three-dimensional effects for

1/(u, - v)'/. The effects of fringe biasing were signif- at least the center 7 cm of the 10.2 cm test section width.

icantly reduced by the frequency shifting, which caused The LDV measurements vere limited to the regions up-
the fringes to move in the upstream direction, and by stream of separation and downstream of reattachment,

orienting the fringes at ±45 degrees relative to the wind and thus it is believed that the three-dimensional effects

tunnel floor for the upstream boundary layer measure- within the separated regions had a negligible effect on the

ments, and at ±45 degrees relative to the ramp surface LDV measurements.

for the 12, 16, 20, and 24 degree compression corner rede-

veloping boundary layer measurements. It was not nec- The surface static pressure distributions for the five

essary to rotate the fringes at ±45 degrees relative to the compression corners are presented in Fig. 2. The solid

8 degree ramp surface due to the small flow angle and lines on the right side of the figure are the theoret-

low turbulence intensities in this flowfield. A comparison ical downstream static pressures calculated with two-

between the two-dimensional velocity bias corrected data dimensional oblique shock wave theory. The pressure dis-

and data corrected with both the velocity bias correc- tributions on the surface of the ramps indicate that, with

tion and a fringe bias correction based on the analysis of the possible exception of the 24 degree configuration, the

Buchhave' s showed that the effects of fringe bias were not ramps were long enough to achieve full pressure recov-

significant in comparison to the effects of velocity bias, ery within the boundary layer. The 24 degree ramp was

and thus the results presented here were corrected with approximately 14 percent shorter than the critical ramp

the velocity bias correction only. length according to the theory of Hunter and Reeves

However, the reattachment point was over four boundary

layer thicknesses upstream of the end of the ramp, and

the pressure near the end of the ramp was only 3 percent

less than the theoretical value. Thus it appears that the
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24 degree model was very close to the length required the particle lag in these regions. Thus the extent to which
* ~) for full pressure recovery, and any effects of the less than particle lag is contributing to this effect is uncertain.

U optimum length were essentially negligible. The streamnwise turbulence intensity, <u'>, nondi-
The boundary layer velocity profiles for the 12 and inensionalized by the freestreamn velocity upstream of the

24 degree compression corners are shown in Figs. 3 and interaction, uo is plotted for the 16 degree compression
S4. The profiles for these two corners were chosen for pre- corner flowfield in Fig. 5. The turbulence intensity in

sentation because they best illustrate the effects of large the upstream boundary layer is also included for comn-
separation regions on the mean velocity profiles. The parison. This data was chosen for presentation becauseU horizontal axis in these figures is the velocity component il ilhistr.ues the trends of the turbulence intensity pro-
parallel to the wind tunnel floor for the upstream bound- files seen in the data of all five flowfield configurations. In

-M. ary layer data, and parallel to the ramp surface for the each of the redeveloping boundary layers, the level of the
L, downstream data. The vertical axis is the distance from turbulence intensity was significantly increased by the in-

the wind tunnel floor, Or ramp surface, measured perpen- teractions, with the amount of increase directly related
dicular to the upstream flow direction. to ramp angle. and thus shock strength. The turbulence

The effects of particle lag can be seen in the velocity intensity was found to reach a peak within the central
.1 profiles of the 12 degree configuration, in which the veloc- regions of the boundary layers, and then decrease as the

ity just outside the boundary layer is relaxing toward the wall was approached. This can be seen in the data of Fig.
.1 correct downstream value. Within the boundary layer 5. The turbulence intensity in each configuration could

v *. the effects of particle lag diminish, as the distance from be seen spreading vertically with the intensity profiles
Z4 the measurement position to the shock wave increases, becoming flatter at the downstream stations. This verti-

The velocity in the region nearest the wall downstream of cal diffusion can also be seen in the data of Ardonceau 12

the 12 degree corner can be seen increasing with X. This downstream of a Mach 2.25 compression corner. A grad-
~ ~' results from the steeper shock wave in the lower Mach ual decrease in the peak turbulence intensity accompa-

number regions of the boundary layer, which causes a nied this diffusion process as the boundary layer recov-
larger fractional decrease in the velocity than the shock ered from the effects of the interaction.
wave in the outer regions of the boundary layer. Thus The maximum streamnwise turbulence intensities for
downstream of the interaction, the flow nearest the wall each measurement station are presented in Fig. 6. 'The

- must accelerate as the boundary layer begins to return to maximum values plotted in this figure clearly show the

.. r an equilibrium state. This behavior was also seen in the increase in maximum turbulence intensity with ramp an-
'e 8 and 16 degree corner redeveloping boundary layers, due gle, and the gradual decrease of this quantity with X.

to the similarity of the flows with only small amounts of Further analysis of the data from this investigation indi-
separation. cated that the location of the maximum turbulence inten-

The velocity profiles downstream of the 24 degree sity in each profile was also directly related to ramp angle,
compression corner exhibit wake-like properties, similar with the maximum values of turbulence intensity occur-

Sto those observed by other investigators downstream of ring further from the ramp surface for the larger shock
separated compression corners 3- hsewkelkepo strength interactions. A comparison of this data with
files are the result of the redeveloping downstream bound- the mean velocity profiles indicated that the maximum

ary layer having a shear layer velocity profile as its ini- values of turbulence intensity occurred in the regions of
S tial condition at reattachment. The shear layer velocity maximum clu/aY, due to the higher values of turbu-
- profiles develop over the length of the separated region lence production in these regions of the boundary layers.

starting at the separation point of the upstream bound- It was also found that, in spite of the vertical diffusion of

~ ~. ary layer. The velocity profiles downstream of reattach- the turbulence within the boundary layers, the location
ment experience a rapid "filling out," as can be seen in o h aiu ausrmie setal osata
Fig. 4. This rapid change in the boundary layer profiles the flow proceeded downstream.
is most likely caused by enhanced turbulent mixing, due Vertical turbulence intensity profiles, <v'>/u.,. are
to the formation of large scale eddies. The decrease in shown in Fig. 7 for the 12 degree compression corner
the measured streamnwise velocity with X, which can be flowfield. The data obtained in this configuration is con-
seen in the outer regions of the boundary layer down- sidered representative of the data obtained for all five
stream of the 24 degree compression corner is caused by configurations in this investigation. It can be seen in this

*a combination of two effects. The surface static pressure figure that the effect of the shock wave was to increase
distributions, shown in Fig. 2, indicate that the pressure the vertical turbulence intensity through the interaction.
was still rising at the longitudinal locations where the ye- A comparison of the <v'> profiles from the five config-
locity profiles shown in Fig. 4 were measured. Thus, the urations indicates that, similar to the <u'> data, the
flow in these regions was still turning and decelerating in amount of increase in this quantity was directly related
the final stages of the recompression process. Also, the ef- to ramp angle, and thus shock strength. However, unlike

S fects of particle lag may be contributing to the decrease in the <u'> data, the < v'> profiles show little or no depen-
S u with X. The rather complicated two stage compression dence on the distance from the ramp surface, Y'. It can

process caused by the presence of the separation and reat- also be seen in Fig. 7 that the vertical turbulence inten-
-'tachment shock structures makes it infeasible to predict sity was significantly increased in the regions outside the



boundary layer. This data, in conjunction with other tur- dependency of the ,ncrease in Reynolds stress on a. the
bulence statistics obtained in this investigation, such as gradual decay in Reynolds stress with X downstream of
turbulent triple products and skewness and flatness fac- the interaction, and the vertical diffusion of the Reynolds
tors, indicated that there was a significant alteration of stress in the boundary layer can all be seen in the data of
the freestream turbulence structure caused by the pres- Jayaram and Smitst for an 8 degree corner, and the data
ence of the oblique shock wave. Further studies are nec- of Muck and Smits s ,5 for 16 and 20 degree compression
essary to determine the exact nature of the effects of the corners. However, the magnitudes of -7, u' reported
oblique shock waves on the turbulence structure within by these authors are significantly lower than the results
the freestream flowfield. of the current investigation, with the maximum values

The effects of particle lag on the mean velocity mea- differing by factors of 2 to 4 depending on ramp angle.

surements can be seen in Fig. 3 in the outer regions of This large discrepancy is most likely caused by calibration

the boundary layer immediately downstream of the 12 problems associated with the slanted hot wire technique

degree shock wave. Some influence of this particle lag used in these investigations. These authors state that

was expected in the measured turbulence intensities. In the hot wire calibration is only valid in regions in which

regions of significant particle lag, a false turbulence was the Mach number component normal to the wire exceeds

expected due to different size particles decelerating at 1.2. Taking into account the 30 degree yaw angle of the

different rates, and thus producing a broad velocity his- slanted hot wires, this yields a lower Mach number limit

togram. However, no indications of the effects of particle of 1.39. The local mean Mach numbers at the regions

lag were observed in any of the turbulence intensity pro- of maximum Reynolds stress in the current investigation

files. Tie streamwise and vertical turbulence intensities are all below 1.39 for the 16, 20, and 24 degree configura-

in the freestream regions with significant particle lag were tions, and are close to this value for much of the data of

very similar to the values measured in the freestream re- the 8 and 12 degree configurations. In addition to these

gions with no significant lag. This is indicative of a rel- low mean Mach numbers, the high turbulence intensi-

atively uniform particle size distribution, such that the ties in these regions indicate that the instantaneous 4ocal

false turbulence generated by the lag was insignificant in Mach number frequently drops far below the calibration

comparison to the magnitude of the turbulence within limits, and these periods of low Mach number contribute

the boundary layers. significantly to the magnitude of -u-. Considering these
Tefactors, it is not surprising that a large discrepancy ex-
The Reynolds stress profiles for the 16 degree cor- ists between Reynolds stresses measured with slanted hot

pression corner flowfield, nondimensionalized with u 0, wires and those measured with two component LDV sys-
are presented in Fig. 8. It can be seen in this figure tems in highly turbulent flowfields.
that the magnitude of the Reynolds stress was signifi-

cantly increased by the shock wave. In all configurations
the Reynolds stress reached a peak within the bound- Conclusions
ary layer and then decreased as the wall was approached.The tendency for the Reynolds stress to reach a max- The interaction between an oblique shock wave and

heimum within the central regions of the boundary layer a turbulent boundary layer results in significant changes
imum wihinthecental egins f th bonday lyer in both the mean and turbulent structure of the bound-

has been reported by other investigators in compression
corner flowfields - as well as in reattaching free shear ary layer flowfield. The mean velocity profiles measured
layers is in this investigation indicated tlat the inner regions of

the boundary layer were decelerated to a greater degree
The maximum Reynolds stresses for each boundary than the outer regions by the interaction. The profiles

layer profile are shown in Fig. 9. Like the turbulence downstream of interactions with large amounts of separa-
intensity, the maximum Reynolds stress is a strong func- tion were very wake-like in nature, with the inner regions
tion of ramp angle, with very large values associated accelerating rapidly as the boundary layers began to re-
with the 20 and 24 degree compression corner flowfields. turn to equilibrium states. Turbulence intensities and
These large Reynolds stresses imply the existence of large Reynolds stress values were significantly increased by the
scale eddies, which were also indicated by the rapid "fill- interaction, with the amount of increase directly related
ing out" of the wake-like boundary layers downstream of to ramp angle, and thus shock strength. The measured
the 20 and 24 degree shock waves. A steady decrease profiles of longitudinal turbulence intensity and Reynolds
in Reynolds stress with X can be seen in this figure, as stress reached peak values within the central regions of
the turbulence began to dissipate and diffuse through the the boundary layers, with the distance from the peak
boundary layers. The dissipation of the turbulence, how- values to the ramp surface also directly related to shock
ever, was an extremely gradual process, and even in the strength. The Reynolds stress values obtained in this
weakest interaction, the ramp was of insufficient length to investigation were significantly higher than values which
allow the turbulence to completely return to equilibrium have been measured in similar flowfields with slanted hot
conditions. wires, and this discrepancy is believed to be due to the

The trends in the Reynolds stresses of this inves- calibration problems associated with hot wire systems in
tigation agree quite well with those found by various highly turbulent supersonic flows. The turbulent struc-
researchers working with similar fIowfields 7-9. The ture within the redeveloping boundary layer relaxed very
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gradually towards equilibrium values, such that the size '0Rose, W. C. and Johnson, D. A.. "Turbulence in a

limitations imposed by the wind tunnel used in this inves- Shock-Wave Boundary-Layer Interaction.- .41.4A Jour-

tigation prohibited the use of ramps of sufficient length to nal, Vol. 13, No. 7, July 1975, pp. 884-889.
allow a complete return of the turbulent properties to up- '2 Modarress, D. and Johnson, D. A.. "Investigation

% stream equilibrium values. The rapid "filling out" of the of Turbulent Boundary-Layer Separation Using Laser Ve-
mean velocity profiles, and the large values of the mea- locimetry," AIAA Journal, Vol. 17, No. 7. July 1979, pp.
sured Reynolds stresses indicated the presence of large 747-752.
scale turbulent structures in the flow downstream of the '2 Ardonceau, P. L., "The Structure of Turbulence in
shock wave-turbulent boundary layer interactions, a Supersonic Shock-Wave/Boundary-Layer Interaction,"

AIAA Journal, Vol. 22, No. 9. September 1984, pp.
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WIND TUNNEL INVESTIGATIONS OF THE PLUME-MODELING
METHODOLOGY SUGGESTED BY KORST

J. Agrell, S.-E. Nyberg

The Aeronautical Research Institute of Sweden (FFA)
Box 11021, S-161 11 Bromma, Sweden

R.A. White
University of Illinois at Urbana-Champaign,

Urbana, IL 61801, U.S.A.

ABSTRACT

A description of wind tunnel investigations made to
verify the plume-modeling methodology suggested by Korst
is given. The lay-outs of the specifically made hot gas
facility and the model as well as the geometry of the
different kind of nozzles used are presented. Base pres-
sure and separation distance results for a propulsive
conical afterbody in the Mach number range 1.1 to 3.0 at
zero angle of attack are shown. Some results demonstrat-
ing the influence of the more complicated flowfields
which arose at angles of attack up to 200 and of flow-
fields generated by deflected fins at angles of attack
up to 6U are also presented.

The validity of the plume modeling methodology has
been confirmed by comparison of results for two propel-
lants with different specific heat ratios, Freon-22

*(y=1.16) and air (y=1. 4 ). The modeling scheme is satis-
factory even at high angles of attack a420 0 and effects
of controls are acceptably simulated.

INTRODUCTION

Basis for the Korst modeling methodology [1,2] is
the assumption that a prototype plume is properly simu-
lated by a model plume if the two plumes have the same
contour in the flowfield adjacent to the afterbody. The
concept presumes that the initial plume deflection angle
and the plume shape (radius of curvature) of the proto-
type plume is duplicated by the model plume, and that
proper consideration of plume pliability is taken. The
merits and potential of this modeling scheme have been
evaluated in a series of wind tunnel tests carried out by
FFA in close cooperation with the Gas Dynamics Laboratory
at the University of Illinois at Urbana-Champaign. It is
the purpose of this paper to review the technique used
and to present some results and the conclusions.

01
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EXPERIMENTAL TECHNIQUE

Propellants selected for the plume simulation tests
were compressed dry air (y=1.40) and compressed heated
Freon-22 (y=l.1 6 ). A hot gas facility has been built
specifically to deliver heated Freon [3,4,5], Figs 1 and
2. The model used is built up of a 14 degrees half-angle
nose cone, a cylindrical centerbody and an 8-degree con-
ical boattail of one diameter length, Fig.3. The overall
length is 9.5 diameters. The model is supported by a
strut, which provides the propellant. The rear part of
the centerbody, the boattail and the base region are all
instrumented with pressure taps, Fig.4. A set of four
deflectable fins can be attached to the afterbody, Fig.5.

MODELING FROM AIR TO FREON AT ME = 2.0 AND 3.0

, ,. The first series of tests [5,6] were carried out at
the free stream Mach number ME = 2.0 and at zero angle
of attack with nozzles modeling from air (prototype) to
Freon (model), Fig.6. A typical base pressure result is,
shown in Fig.7. The agreement between prototype and
model base pressures is satisfactory not only for the
design pressure but also for a rather wide range of off-
design conditions. Also shown are a few results for the
Freon nozzle tested with air to illustrate the short-
comings of retaining nozzle similarity. Slope modeling
of these results gives reasonable correspondence to the
prototype data but at effectively much lower pressure
ratios. At these conditions, with essentially no separa-
tion, the radius of curvature is less important. In
contrast to the methodology suggested by Korst, which is
based on distorted nozzle geometries, very high stagna-
tion pressures would be required for modeling with gases
of higher than prototype specific heat ratios. For the
separation location, as shown in Fig.8, the nozzle de-
signed according to "weak shock modeling" provides the
best correlation, particularly near the design pressure
ratio.

Some tests at off-design free stream Mach number
conditions were undertaken to gain insight into the range
of applicability of the plume deflection angle-radius of
curvature (shape) model method. Thus while the nozzles
were designed for ME = 2.0 free stream condition tests
were also run at ME = 3.0. Fig.9 shows the base pres-

* sure, which can be seen to be satisfactory particularly
in the lower base pressure regime. The more sensitive
separation distance, however, shows poorer correlation,
Fig.10. This may be explained by the increasing import-
ance of plume curvature for large separated regions.



MODELING FROM FREON TO AIR. ME = 2.0

Zero Angle of Attack

In later tests [6] nozzles modeling from Freon
(prototype) to air (model) have been used. As the speci-
fic heat ratio for Freon-22 is y=1.16, which is appro-
priate for simulation of combustion type products, this
modeling is relevant for typical plume simulation in wind
tunnels. The geometry of the prototype was chosen to be
as realistic as possible, i.e. to have a shape similar to
a typical rocket nozzle, see Fig.f1.

Base pressure results are shown in Fig.12 and sep-
aration distances in Fig.13. The two air (model) nozzle
results agree very well with each other, and the correla-
tion with the Freon (prototype) nozzle results is quite
good. Also shown for comparison are the results of using
cold air in the prototype nozzle (no modeling). The poor
agreement with the Freon results is obvious.

It is believed that the small discrepancy between
the prototype and the model results is significant de-
spite being fairly small. Possible explanations for the
discrepancy lie in the fact that the calculation of the
air (model) nozzles was based on the assumption that the
approach conditions at the Freon (prototype) nozzle exit
are produced by conical source flow [10] and neglecting
viscid effects during the impingement process. Refined
calculations of the flow in the prototype nozzle have
shown that the deviations from conical source flow are
such that the plume shape is affected to such an extent
that it may be of importance. A new air (model) nozzle
taking the deviations from source flow into consideration
was therefore calculated (ML=l.6, see Fig.14) and wind
tunnel tested. The results shown in Fig.14 agree, how-
ever, very well with the earlier air nozzle results.
This indicates that the discrepancy between Freon and air
results is probably not due to the deviations from con-ical source flow at the Freon nozzle exit.

Effects of Angle of Attack

Although the modeled nozzles have been calculated
for axisymmetric flow, tests have been made at low angles
of attack (-60 4a46) [6] and at high angles of attack
(-20 04(a+200 ) [7,8,9] to examine the limits of the model-
ing procedure. To facilitate the evaluation of the simu-
lation of the angle of attack effects on the base pres-
sure the pressure difference &(P /PE) = (P /PE) -

(PB/PE)(Qhas been calculated anu is shown ?or the cir-
cumferential angle =0 as a function of angle of attack
in Fig.15 for the three nozzles. It can be seen that the
angle of attack effect of the Freon (prototype) nozzle is
quite well simulated.
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The separation location S/D at the circumferential
angle *=0 is in Fig.16 shown versus the angle of attack
for the design jet stagnation pressure. The simulation
is quite good, except at low positive angles of attack,
which means when the vortex flow starts to build up.

The results confirm that the basic validity of the
Korst modeling methodology is satisfactory also within
the angle of attack range investigated (-20 0 44+20 0 ).

Effects of Control Fins

Wind tunnel tests have been carried out [7,8,9] to
investigate the limitations of the Korst modeling method-
ology when the afterbody is exposed to the complex exter-
nal flowfield generated by aft-mounted controls in com-
bination with angle of attack. The angle of attack range
was -60 (r.+6 0 and the controls were set at 6=00 and ±10

To isolate the effects of controls on base pressure
V ratio more clearly the difference between the results

with and without controls have been calculated and the
results for all three nozzles have for comparison been
plotted together versus angle of attack. The results at
the design jet stagnation pressure for the circumferen-
tial angles * investigated is shown as a sample in Fig.17.

After analyzis of all test results it is concluded
that the effects of the fins on base pressure obtained
with the Freon (prototype) nozzle is in general satis-
factorily simulated by the air (model) nozzles. A few

-'.i local exceptions seem to occur in areas, where interac-
tion between control wakes and the separated base region
might be very sensitive to one parameter, e.g. the jet

* stagnation pressure. Apart from this few points the
modeling seems to be valid even for severe combinations
of control angles, angle of attack and off-design jet
stagnation pressure. It is noted, however, that the
effect of controls on base pressure ratio obtained with
the air (model) nozzles is often somewhat larger than the
effect with the Freon (prototype) nozzle.

..MODELING FROM FREON TO AIR ME = 0.8-1.1

The final series of wind tunnel tests in the cur-
rent program are carried out at transonic free stream
Mach numbers. Exploratory tests have been made with the
ML=1.6 air nozzle at Mach numbers ME=0.8 , 1.0 and 1.1
in the angle of attack range, a=±60, Fig.18. The tests
with the Freon nozzle have just started. Some prelimi-

%N nary base pressure results are shown in Fig.19 at ME =
1.1 as a function of jet stagnation pressure in the pro-
totype plane. As can be seen a small discrepancy exist
between the prototype and model results. The discrepancy
seems to have the same character and magnitude as at

ME = 2.0.

. %Ak A9 -.~: §: ~ Z <
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CONCLUSIONS

An analysis of the results obtained at Mach number
ME= 2 .0 allows the following conclusions for the model
configurations tested:

1. The Korst modeling methodology concept of congruent
plumes as determined by radius of curvature and ini-
tial slope with proper consideration of plume pliabil-
ity at the design condition for prototype and modeled
nozzles successfully correlates both base pressure and
flow separation in the vicinity of the base.

2. There are in the test results indications of a minor
systematic discrepancy between the Freon and the air
results.

3. The modeling concept is good even if the jet stagna-
* tion pressure deviates ±250 percent from the design

pressure.

4. The modeling scheme is satisfactory even at high

angles of attack a4±20 0 .

5. The effects of aft-mounted control fins are simulated

satisfactorily. This includes cases where the controls
are deflected (6=±100) in combination with angle of
attack (-60 4(x6 0 ).

6. Preliminary test results at ME= 1.1 indicate that the

modeling concept is good also at transonic speeds.

ACKNOWLEDGEMENT

This research program is supported jointly by the
European Research Office, U.S. Army, Contract No. DAJA37-
81-C-1213, and The Aeronautical Research Institute of
Sweden (FFA). The authors also want to thank H.H. Korst
for his continued interest, encouragement, and support
during the investigation.

NOMENCLATURE

D Forebody diameter
M Mach number

Circumferential location index
N Axial location index
P Pressure
R Radius
S Separation distance
X Axial coordinate
a Angle of attack
Y Specific heat ratio
6 Control deflection angle
e Conical angle
* Circumferential angle

SL~
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Subscripts:

B Base condition
E External flow (free stream)
I Internal flow
L Nozzle lip condition
M Model
O Stagnation condition
P Prototype
* Condition at circumferential angle *
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TIE WINO TUNNEL SIMULATION OF PROPULSION JETS AND THEIR

MOOELING BY CONGRUENT PLUMES INCLUDING LIMITS OF APPLICARILITY

R. A. White*, J. Agrell**, S.-E. Nyberg*

•.. ABSTRACT Nozzle Flow

7•. -Lip Mach No. [-]*

In a previous paper, the authors described a LI Nozzle stagnation pressure IPa]

new high pressure hot gas facility for the study of PL Lip pressure [Pa]
aerodynamic interference effects caused by plume T0 1  Nozzle stagnation temperature [C]

induced separation from propulsion afterbodies and Y Specific neat ratio [-I
. results of an experimental study using Freon (pro- "L Prandtl-Meyer angle corresponding to ML

totype) and air (model) to evaluate the merits and [deg.]

potential of a new methodology for plume simulation
by congruent plumes with gases of dissimilar Plume

• ,.:- specific neat ratios. The previous results MF Surface Mach No. [-]

confirmed the theory for a limited range of test 6F Initial surface slope Edeg.]
conditions. Tnis paper describes improvements in RC Initial surface curvature [m]

the modeling methodology to allow for congruent WF Prandtl-Meyer angle corresponding to MF
plumes produced from non-ideal nozzle flows and ex- [deg.]

" tends the test conditions to complex afterbody and

wake flows caused by angle of attack and afterbody Wake Conditions
mounted control fins at incidence. The current re- S Separation distance measured from end
sults show tnat tne modeling methodology gives good of boattail [m]

agreement for the base pressure and separation lo- PbPB Base pressure [Pal
cation for stagnation pressure ratios of ±250 from
the design condition, for angles of attack as high Coefficients

"*::'" as ±2UO , and with the effects of control fins de- a(pI/pE)a Effect on base pressure of angle of
flected ±100 in conjunction with angle of attack of attack A(P,PE) . (PB/PE)E -

±60. A small but systematic difference between the (P /P )
* . Freon and air results is evident and possible A(Pa/P) EfJec ' 0 base pressure of controls

explanations are offered that will be investigated A(P /P = (PB /PEwith controls
in future tests. J " ithout controls

NOMENCLATURE Subscripts
M Model

Geometry P Prototype
A Air

Afterbodl F Freon
' D Forebody diameter Em]

Boattail length [ml INTRODUCTION
M,N Pressure tap location index, see Fig. 8 The interaction of rocket or jet plumes with

X Axis of attack [m], see Fig. 8 the external flowfield and surrounding launch

a Angle of attack [deg.], see Fig. 9 equipment or adjacent surfaces is crucial to total
0 Boattail angle [deg.], see Fig. 9 system performance Such interactions determine
. Circumferential angle [deg.], see Figs. the near wake base pressure and temperatures, the

8 and 9 flow over portions of the vehicle surface in the
Control deflection angle [deg.], see case of upstream external flow separation, the wake
Fig. 9 flowfield at angle of attack, afterbody mounted

control surface effectiveness, and launch equipment
- Nozzle performance. Thus, the plume-slipstream inter-

RL Exit orTTiFadius [ml ference flowfield affects aerodynamic performance

Conical divergence angle [deg.] by introducing drag penalities through lower than
Tunne Flowambient base pressure or leads, as the ratio of jet

Tunnel Flow stagnation-to-ambient pressure increases as for

POE Stagnation pressure [Pal highly accelerated vehicles, to plume-induced sepa-
E9 Pe Free stream static pressure [Pal ration2 .  In extreme conditions, such separation

" ME Free stream Macn No. [-] can lead to loss of stability and/or degradation of

U Axial velocity in the boundary layer control effectiveness.

UE  Free stream velocity

*University of Illinois at Urbana-Champaign, *Conical source flow assumed, otherwise nozzle

Urbana, IL 61801. getmetry and lip conditions have to be specified
**Aeronautical Research Institute of Sweden in greater detail see Ref. [17].

(FFA), Broma, Sweden.

Copyright Amei ln Institute of Aereoflalclc nod

Asiroaeuics, 1c.. 1984. All rgh resed.
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The understanding of plume induced separation been constructed at the Aeronautical Research
. is therefore a vital factor in missile design. Institute of Sweden (FFA ,fr jet plume simulation

Consequently, wind tunnel testing is an important with a variety of gases ,lu,ll .  The facility has
element during the early phases of model and pro- served to evaluate the merits and potential of the
totype work. The inter-dependence of theory, de- plume simulation methodology suggested by
sign, and modeling to prototype development and Korst 8 ,1?, arlier theoretical modeling of pro-
eventually operational vehicles is clearly es- pulsive jets and experimental studies have con-
sential. Indeed, modeling, particularly with re- firmed the basic valiyity of the methodology under
spect to wind tunnel testing, spans the entire de- restricted conditions , i.e. single-centered jet
velopment lifetime of a missile design. Thus, both and no-control surfaces, and small, a 1 60, angles
tne analytical and wind tunnel test programs must of attack. A follow-up research program, jointly
be viewed as crucial future contributors to im- sponsored by the European Research Office and by
proved tneoretical models and the rapidly expanding FFA, makes use of the special characteristics of
field of computation fluid ynamics (CFO) which is the FFA hot Freon facility ,o examine the limits
still stvonily depen3ent on experimental results of modeling methodologies6 for severe but
for guidance and verification, realistic conditions which are beyond available

The generation of rocket or jet plumes in wind compoutational methods yet are needed in performance
tunnel investigations must, consequently, account prediction for full scale flight vehicles. The
for all or part of the factors affecting the in- current two-17ar program includes extension of
duced flowfield, see Fig. I, including plume shape, earlier work -5 for simple configurations in
plume deflection, mass entrainment along the shear terms of the Mach numOer regime, angle of attack,
layers, wake closure (impingement), viscous and dy- and modifications for some complex models to ex-
namic effects, temperature, influence of specific amine interference effects of control surfaces.
heat ratio and molecular weight, and possibly ener- It is the purpose of this paper to review
gy release through chemical reactions. The diffi- briefly the technique used in the above mentioned
culty in attempting to simulate all ?f these param- investigations and to present some recent compre-
eters simultaneously is well known and indeed a hensive results obta ed during the first year of
research program to determine and validate simu- the research % rogrami? on the limits of congruent
lation techniques for special conditions such as plume modeling
those of the cryogenic National Transonic Facility
(NTF) has been suggeste'd° . SirFe all parameters METHODOLOGY

... cannot, in general, be simulated simultaneously in While in wind tunnel testing of rockets the
a wind tunnel, it becomes essential to determine need for some method of producing a plume, or its
the importance of the individual factors discussed equivalent, has long been recognized, the success
above. This information has, in general7  been and understanding of the approaches utilized has
lacking although recent simulation studies 7 have had a rather non-uniform history. This is despite
contributed strongly to this area of knowledge. On the fact that a basic understanding of the problem
the other hand, strictly empirical correlations and even the establishment of relations accounting,
have been utilized for some specific applications in principle, for the influence of all pertinint
such as the space shuttle, variables was given in 1959 by Korst, et al. .

These factors are particularly significant The importance of generating the correct jet plume
since the hope of accurately computing (CFD) the geometry has been stressed in prior efforts to es-
complex flow fields of the type shown in Fig. 2, or tablish modeling laws between propellant ly"s
determining practical empirical correlating param- having dissimilar specific heat ratios
eters for such flows, is at this time, at best, re- This was brought about by at least the partial
mote. Consequently, the design of rocket propelled recognition of the fact that modeling of plume
missiles will rely on wind tunnel testing and interactions requires geometrically congruent jet
proper plume simulation for the foreseeable boundaries, correct pressure-rise jet boundary de-
future. flection characteristics, and similar mass entrain-

The availability of an analytical concept 8 for ment characteristics along the wake boundaries.
generating plumes of prescribed geometry and plia-
bility using gases with different physical proper-
ties than typical propellants led to the planning
and construction of a hot gas facility which has --

/ ,' Recompression
I { /// __ Shocks

iptinqe~n

0' ''. R (Locallyi × / S ,Ll .....

Fig. 1 Flow Configuration for Plume Induced Separa- Fig. 2 Finned Missile Afterbody in Supersonic Flow,
tion from a Conical Afterbody and Identifica- M = 2; Angle of Attack, a =-6;
tion of Geometric and Operational Parameters Control Surface Angle, +100
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Tnyeenetrical q lre nents, however, were at EXPERIMENTAL EQuIPENT

firit only specified ,  in terms of the initialexaninnleo Simulation Test Facility
. expansion angle of tne jet in Fig. . ThisThe wind tunnel used in this investigation of

may be sufficient to deal with cases in which large plume simulation by qgmpressed air and Freon-22, is

scale plume-induced separation is not present and tIe FFAs tunnel s5 * It is of an intermittent
-qnere there is little initial plume curvature but teFAStne 5 I so ninem tn
hrt isuck down type and has two-dimensional solid nozzle

not for high engine to freestream pressure ratios bloCkS for supersonic speeds and a test section of
tyical of highly accelerating missiles, see 0.45 x 0.57 m. Tunnel stagnation pressure and
Fig. ?. For cases with plume induced large scale temperature are approximately equal to atmospheric
separation effects as in Fig. 1, additional con- conditions.

straints, both geometric and dynamic, are obviously Compressed dry air for plume simulation is

necessary. available from the high pressure storage of the

In 1979, <orst and 0eep 1 2 proposed a modeling FAs,

technique which allows the matching of both tie in- FA' hypersonij facilities, which allows the
storage of 50 m of air at a pressure of 25 MPa.

itial deflection angle and the plume shape tnrougn The temperature can be selected in the range -20'
its local radius of curvature, Rc, and satisfying to +300 0 C and the maximum flow rate is 2.7 kg/s.
tne local pressure rise at impingement of the plume A hot gas facility, primarily intended for

and external flow. A second-order approximation various types of heated Freon, is available for

'or dealing with axisymmetric centered expansioS plu simlato. Freon , h s een lcho e for

was used for calculating the plume curvature . plume simulation. Freon-22 has been Chosen for all

Tnis approach, in conjunction witn conditions at tests up to now. Cost and chemical stability,

the nozzle outlet, allows for sweeping wnicn allows it to be heated to sufficiently high
stnplifications in iterpretation of the results if temperatures without chemical breakdown, were major
i noleca'ions in i bteprtat d o te rults i factors in its selection. The ratio of specific
the nozzle wow can be assumed to be locally heats, y, at the nozzle exit and for plume ex-:onical. Tne latter was initially assumed to be pnincniini nterneo .6t

reasonable for typical prototype nozzles of pansion conditions, is in the range of i 16 to
reltivly nig mcn umeralhouh t 4s .18, which is appropriate for simulation of

relatively hign Mach number, although it was combustion-type jet products.

recognized that this may not always be truly repre- The basic system utilizes the above mentioned
" Vww jentative particularly for wind tunnel models, high pressure storage which is used, in the

_ While Such a generalization is not correct in many simulation system as an essentially constant
cases, the overall conclusions relative to the pressure driver for the Freon. Figure 3 is an
nodeling procedures remain correct. An improved annotated schematic of the Freon system, the test
analysis which removes the conical flow model, and the high pressure driver. Details of
restriction, albeit with additional comnntational mo e n t hig h con s r e dv er ails of

complications, has also been developed '. The cormponent design, construction, and operating pro-

I i'rits of applicability of modeling by such cedures are given in Ref. 9 along with a discussion

congrent p eof the temperature control requirements and the
Plumes for different gases as outlined system developed for this purpose. The systems

above have been investigated fof" centered jets performance tests are presented in Ref. 10 and a

unler restricted test conditions * One of the condensed review of the facility can be found in
ohjeztives of this study was to examine the Ref. 11

* applicability and limits for a broad range of wind
tunnel test conditions.

40 L
-. .. ... ...

.r

%S I Hi1gl, pressure a~ir line (l4ax. 25PMPa)
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13. Freon supply
14. Charging pump
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Fig. 3 Annotated Schematic of Air Driver System, Freon Heater and Nozzle
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Selection of Design Condition and Model Geometries modeling tests. The model is supported just behind
Toe nozzles used for the plume modeling tests the conical nose by a strut with 400 sweep back

-> were jentical with the nozzles utilized in earli - which also provides the gas for the jet. A
testsid modeling from Freon (prototype) to air congruent model can also be mounted on a sting with
(model). As the specific heat ratio for Freon-22 or witnout the capability of simulating a gas
is y = 1.16, wnich is appropriate for simulation of jet. In this latter case, the jet plume effect can
combustion-type jet products, tnis modeling is also he simulated by solid bodies. Figure 7 shows
relevant for typical plume simulation in wind the model in the wind tunnel. The rear part of toe
tunnels. The geometry of the prototype was chosen centerbody, the boattail, and the base region are
to be as realistic as possible, e.g. to have a all instrumented with pressure taps (Fig. 8). A
shape similar to a typical rocket nozzle (see set of four stabilizing or control fins can be at-
Fig. 4a, ML p = 2.60, eLD^ = 15*. and P = tached to the afterbody as shown in Fig. 9. In
3.48). Tnd calculated 'ataof the moel 3ir this test, the controls were positioned circumfer-
nozzles are ML M = 1 41, e 3.070, and entially at * - ±45 ° and ±1350. The four controls,

PL/'EIM 6.03 for separation fY6w modeling; and arranged as shown in Fig. 9, had a bi-circular arc
ML M-i 2.03, 6 = 10.470, and PL/PIM = 5.07 for airfoil of 8 percent thickness, a span of 1.11 di-
Date pressure Oideling. Unfortunately, the calcu- ameter, a root chord of 1.0 diameter and a tip

,. lated air nozzles could not be accommodated in the chord of 0.55 diameter. The control pivots were
original afterbody due to the large throat areas, located at semi-chord and positioned on toe model
It was, therefore, necessary to construct two new 1.5 diameter from the base. The controls could oe
afterbodies with integrated nozzles, see Figs. 4b set at deflection angles of 6 0 and ±100.
and c, and Figs. 5 and 6. Each afterbody was pro-
vided with the pressure tubing needed for measure-
ment of the surface pressure distribution at angle
of attack.

Wind Tunrel Model
The basic model Shown in Fig. 5 is built up of

a 14 degree half-angle nose cone, a cylindrical
centerbody of 50 mm diameter and a set of inter- -- .2
changeable afterbodies and propulsive nozzles. The o * *
overall length is 9.5 diameters in the plume-

$M :6 9 5Ptip3 e Fig. 6 Photograph of Model Parts

42R33 10*47

t 22c30 3022 930

n) .esigr Emprosiz-ng Separao:cn c) Design Empnoslz ng Bose Crog
ML: 141, 9, : 3071 ML : 2 0 3 ; 6L :10047

Fig. 4 Prototype Nozzle with y = 1.16 and Two
Model Nozzles (Air, y= 1.40) Emphasizing J "
Different Operating Conditions

Fig. 7 Model in Wind Tunnel and Movable Probe for":Nozzle Exit Mach Number Calibration
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controls) was found to be 5.79 mm for
U = 0.99 UE* The displacement and the momentum
thicknesses were 1.55 and 0.48 mm, respectively.

_ Zero Angle of Attack Results
-_Base pressure ratios, PB/P measured for the

Freon (prototype) and the air (model) nozzles
I versus tne jet stagnation pressure, Pot' as

- -- - - measured in the settling chamber of the nozzle are
shown in Fig. 10.

The same base pressure ratios with the air
i--- (model) nozzle results transformed itto the Freon

.. . (prototype) plane are plotted versus the prototype
E stagnation pressure in Fig. 11. The two air

(model) nozzle results agree very well with each
Fig. 9 Control Dimensions and Definition of other, and the correlation with the Freon (proto-

Control Deflection Angles type) nozzle results is quite good. Also Shown.for
comparison are the results of using cold air in the

prototype nozzle (no modeling). The poor agreement
with the Freon results is obvious. It is believed,

The conicil nose of tne rodel was equipped with however, that the small discrepancy between the
a 10 rrn wide transition trip of carborundum grits prototype and the model results is significant de-
if J. 5 to 0.8 mm size, 85 mm from the apex. A row spite being fairly small.
Of steel balls of 0.5 mn diameter welded to the
.ontrol surfaces and located 4 mm downstream of the
S leading edge with 3 mm spacing constituted the
transition trips on the controls.

' 7, Instrumentation
The pressures on the afterbody were recorded by P'eI -/

fast response pressure transducers (National Semi- 2.
conductor, 0 to 30 psia). The transducer outputs
were fed into the ordinary data recording and
reduction system of the wind tunnel. The system
which is based on a General Automation SP 16/65
real time computer, can record and evaluate up to 6 I . .. S

48 channels with a maximum scanning rate of '
40 KHz. The stagnation pressures in the wind
tunnel and in the propulsive jet were recorded by ', , 2 *-

15 and 500 psia transducers, respectively, and the
propellant stagnation temperature was recorded ty a Fig. 10 Base Pressure Ratio for Freon (Proto-
Cr-Al tnerinocouple in a ventilated radiation type) and Air (Model) versus Nozzle
shield. Stagnation Pressure

Scnlieren photographs were taken for each run
and oil-flow pictures for selected cases. The
Schlieren system had two alternative light sources, 15
one short duration spark damp with an exposure time
of approximately 2 x 10- second and one mercury______-
vap3r lamp with continuous light. In most cases,
,hIack and white and color Schlieren pictures were, takn s t s.
taken simultaneously.

- ' 0 Freon (Protoype)ML=2.6PLUME MODELING EXPERIMENTS . Air (Model) ML=141

Test Conditions 05 AAir (Model) ML= 2 ,03
;-" Air ,n the Prototype

Th tests were carried out in the FFA's S5 wind e Peu Nozzle MLoy 9

tunnel at a freestream Mach number MF= 2.0 and a Design Pressure- ozeM 30
corresponding Reynolds number 6 x 10 -based on the 4
model length. The nozzles were tested at the 07 08 0.9 10 ii 1.2 13
design stagnation pressure and at pressures Pol/ MPa
25 percent below and above this value. The nominal
propulsive jet stagnation condition used are shown Fig. 11 Base Pressure Ratio for Freon (Proto-
in Table 1. In an earlier investigation , the type) and Air (Model) versus Nozzle
boundary layer approaching the afterbody, measured Prototype Plane
at an axial station X/D = 7.6 (corresponding to 0.4
diameter in front of the hinge axis of the

*i Table I Propulsion Job Stagnation Conditions

Propellant Nozzle, ML Stagnation pressure, MPa Stagnation temperature, *C
Freon 2.6 0.76 1.0 1.25 104 - 150
Air 1.41 0.19 0.25 0.30 -20 - 20
Air 2.03 0.40 0.53 0.66 -20 - 20
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Ossi le eAIa itj L1los fir tne dlScre1pancy lie sume of the significant features in the pictures.in the fact that the calculation of the air (model) !n this scale, no differences in plume shape havenozzles was based on the assumption tnat tne ap- been ooserved, but minor differences in the lo-

1:. proach conditions at the Freon (prototype) 1rozzle cation of tne separation shock are detected and ap-
exit are produced by conical source flow and preciable differences in the shape of the inner
neglecting viscid effects during the impingement (barrel) shock are noticed. The latter is to be

- process. Refineo calculations of tre flow in tne eK.ecteo due to tne difference in nozz~e flow fielo
prototype nozzle nave shown that the deviations ' acn number.
from coni:al source flow are such that tne plume
shape is affected tc Such an extent tnat it may be Effects of Angle of Attack
of importance. A new air (model) nozzle taking The base pressure ratio, PB/PE, for the model
these deviations from source flow into account has without controls is plotted as a function of the
been calculated and will be investigated. Tests to angle of attack c for the Freon nozzle (prototype)
determine the contribution of viscid effects diring in Fig. 14 and for the air (model) nozzles in
recompression are also planned. Figs. 15 and 16. Results are presented for the jet

The separation locations as determined from stagnation pressures and circumferential angles in-
longitudinal pressure distributions and from vestigated.

,5:1 Schlieren photographs are shown versus prototype It is of interest to note that for the major
lip pressure ratio in Fig. 12 for the Freon (proto- part of the angle of attack range a = -20' to +6',
type) and air (model) nozzles. Again the air re- tne pressures for the meridian angles t = 0 - t90.

sults agree very well but a minor systematic nis- nave been measured on tie side of the model which
crepancy between Freon (prototype) and air (model) is averted from the support; however, at a = +100
seems to be established, and +200, tne measurements had to be made on the

Scnlieren pictures of the flow for the three Support side. Judging from the curves at o = 900,
nozzles at the design stagnation pressure are pre- tne symmetry is as good for a = t10 and 12!) as for
sented in Fiq. 13 together with a plot overlay of lower angles of attack, which indicates tnat the

differences in support interferences are of minor['i-".' "]import ance.
-. imptaceTo facilitate the evaluation of the simulation

-:of the angle of attack effects on the base pressure
the difference, L(PS/P) = (P /P-) -(P /P is
shown as a function of n~le oO a~tack ~N i~ 17

-__ ___ ___through 19 for the three nozzles. It can be seen
that the angle of attack effect of the Freon
(prototype) nozzle is very well simulated at posi-

Fig. 12 Separation Location versus Lip Pres- tive and at small negative angles of attack. At
sure for Freon (Prototype) and Air large negative angles of attack, i.e. on the wind
(Model) Nozzles side where there is no separation, the simulationshows systematic, althou4;k for practical purposes

still tolerable, deviations. It is also observed
that the agreement between the two air nozzle re-

. sults is generally very good and that the dis-
crepancy between the Freon and air results has the
same character as at zero angle of attack, which
means that there is in most cases a slightly
stronger angle of attack effect on the base
pressure with the air nozzles than there is with
the Freon nozzle.

The separation location, S/0, at the circumfer-
0-.- ential angle € 0 is shown in Fig. 20 versus the

angle of attack for different jet stagnation pres-
sures. It can be seen that the simulation is quite
good, except at low positive angles of attack,
which means on the lee side when the vortex flow

- . starts to build up. The deviations are laryest at
the highest jet stagnation pressure. The two air
nozzle results agree very well and the discreoancy
between the Freon and the air results are, as could
be expected, of the same character as the base
pressure results.

Shown in Fig. 21 is a sample of the circumfer-
." ential variation of the separation location at a =

---.. 10' angle of attack and for different jet stag-
A; -nation pressures as obtained from pressure measure-

ments. Oil flow and Schlieren pictures for the
% .same angle of attack and the design jet stagnation

A., 1 , pressure are presented in Fig. 22. Tne separation

lines shown in Fig. 21 have for the two higher
_"___ - stagnation pressures been drawn using the detailed

information from oil flow pictures. For the lowest
-e' , .stagnation pressure, no oil-flow pictures were

available, but it has been assumed that the13 S PTparatlon is of the same kinad. ts obv.i t s froe
Fig. 13 Schlieren Photographs from Tests at tneserigures that the circumlerenta varia ion o

Design Conditions ( O; P 1.0 MPa)
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U Fig. 14 Base Pressure Ratio for Freon (Prototype) Fig. 15 Base Pressure Ratio for Air (Model)

ML=2.6 Nozzle versus Angle of Attack ML  1.41 Nozzle versus Angle of Attack
Sfor Jet Stagnation Pressures Pn and a for Jet Stagnation Pressures Pm and

Circumferential Angles q Investigated Circumferential Angles * Investigated
.. (Model without Controls) (Model without Controls)

the separation location is quite well simulated at nation pressures investigated. Selected Schleren
* this angle of attack but the correlation is better pictures are presenmted in Fig. 29.

between the air results than it is between Freon It is observed that the effect of the fins on
and air. base pressure obtained with the Freon (prototype)

," nozzle is, in general, satisfactorily simulated by
, Effect of Control Fins the air (model) nozzles. The few local ecpin

Tne base pressure ratio, PB/PE, for the model seem to occur in areas where interaction between
with controls is plotted as a function of the angle the control wake and the separated base region

.- of attack a for the Freon (prototype) nozzle in might be very sensitive to one parameter, e.g. the
" Fig. 23 and for the air (model) nozzles in Figs. 24 jet stagnation pressure. Apart from these few

, . and 25. The results are presented for the jet points, the modeling seems to be valid even for
Istagnation pressures and circumferential angles in- severe combinations of control angles, angle of at-

vestigated and corresponding results for the model tack, and off-design jet stagnation pressure. It
w', without c~ontrols are also shown. is noted, however, that the effect ot controls on
i To isolate the effects of controls on base base pressure ratio obtained with the air (model)

pressure ratio more clearly, the difference between nozzles is often somewhat larger than the effect
*the results with and without controls have been witn the Freon (prototype) nozzle.

,- calculated for compm~arison and results for all threenozzles have been plotted together in Figs. 26 CONCLUSIONS
throughl 28 versus angle of attack. Results are de- A two-year program has been undertaken to ex-
picted for the circumferential angles and jet stag- amine the limits of the plume modeling methodologyI
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Fig. 16 Base Pressure Ratio for Air (Model) Fig. 17 Effect on Base Pressure Ratio of Angle of
ML = 2.03 Nozzle versus Angle of Attack Attack (P /P )c = (PR/'PE)c - (P /P )ci=O

for Jet Stagnation Pressures Pn and versus Ang~e l~f Attac1k at Stagla tlon
Circumferential Angles € Investig~ted Pressure PO0 ,P = 0.76 MPa
(Models without Controls)

3. The mo~deled results are good even if the jet
stagnation pressure deviates .+25 percent from
the design pressure.

proposed by Korst, During the first year, which 4. The modeling scheme is satisfactory even at
*this paper covers, an existing wind tunnel model high angles of attack = ± 2U°.
4and its support has been modified and wind tunnel 5. The effects of aft-mounted control fins are
.:tests have been carried out at Mach number ME =2.0 simulated satisfactorily. This includes cases

with one Freorj1 (prototype) nozzle and two air where the controls ;re deflected (6 = ±l0) in
,"(model) nozzles *

.  An analysis of the experimental combination with angle of attack (-60 a=6 0).

~The extreme limits of the applicability of

1. The basic validity of the Korst modeling modeling by congruent plumes for different gases

4h1

methodology, established in an earlier study, are still being investigated and a future paper
was confirmed. The concept correlates both will report on additional results.
base pressure and flow separation in the
vicinity of the base of the prototype and ACKNOWLED( 4ENT
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